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Adrenal medullary chromaffin cells undergo exocytosis of catecholamines to provide 
physiological and behavioural adaptations during stress. Several different stimuli are 
known to evoke catecholamine secretion from the chromaffin cells, but in each case, 
exocytosis is driven by a rise in the intracellular Ca2+-concentration ([Ca2+]i). Much of 
the current understanding has been obtained from research conducted on isolated 
chromaffin cells. Under these conditions, the adrenal medulla’s anatomical organisation 
and the interconnections between individual cells are lost. As such, the current study 
examined the stimulus-evoked Ca2+-responses of chromaffin cells in rat adrenal slices 
loaded with a Ca2+-sensitive indicator. The specific stimuli were selected because they 
either mimic the endogenous neuronal stimulation (nicotine and pituitary adenylate 
cyclase-activating peptide (PACAP)) or are established physiological paracrine 
regulators of adrenal medullary activity (histamine).  
Under basal conditions, most (72%) of the recorded chromaffin cells maintained low 
[Ca2+]i while the remaining cells displayed moderate to high-amplitude Ca2+-spikes. 
Nicotine evoked an elevation in [Ca2+]i which peaked within 1-2 min of drug 
application. In approximately one-third of the recorded cells, this peak response 
declined to basal levels within 15-20 min despite the continued presence of nicotine, 
while in the remaining cells, [Ca2+]i remained above at a constant, elevated level 
following a brief decline from the peak. Histamine evoked Ca2+-responses from most of 
the recorded chromaffin cells (approximately 90%), with [Ca2+]i rising to peak within 
1-2 min of its application. A slow, relatively linear decline back to basal followed this 
peak response, and in about half of the histamine responsive cells, this decline was 
interrupted by relatively large-amplitude downward fluctuations in [Ca2+]i. While the 
histamine-induced Ca2+-responses between cells were considerably diverse, they were 
surprisingly constant for individual chromaffin cells, where a second consecutive 
histamine exposure produced a very similar Ca2+-profile to the first. Application of 
PACAP to the adrenal slices resulted in an elevated [Ca2+]i in approximately half of the 
recorded chromaffin cells. Surprisingly, in all cases, this PACAP response was 
markedly delayed, with [Ca2+]i elevation not observed until 3-13 min after the addition 
of the peptide. Following this delay, which varied between slices but was consistent 




between cells within a slice, the Ca2+-signal remained elevated for the duration of 
PACAP exposure.  
These results support the view of the adrenal medulla as an integrator of multiple 
physiological stimuli in the maintenance of body homeostasis. They confirm previous 
data from isolated chromaffin cells but also provide new insights into the stimulus-
dependent Ca2+-responses of individual chromaffin cells within the anatomical 
organisation provided by a tissue slice. Intriguingly, while all three stimuli increased 
the chromaffin cell [Ca2+]i, their distinctive profiles suggested that in addition to 
stimulating exocytosis, different stimuli may also induce different alterations in the 
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1. Introduction  
1.1.  Stress and the stress response  
Stress is an essential topic in basic and clinical neuroscience research with the 
complexity of the stress response network providing a substantial scientific challenge 
(McEwen, Gray & Nasca, 2015). The body mediates the stress response through the 
acute sympathetic adrenal medullary (SAM) and the chronic hypothalamic-pituitary-
adrenal (HPA) axes which result in the secretion of the stress mediators from different 
regions of the adrenal gland. The first section of the review presents a brief background 
on the history of the stress research and introduces the concepts of stress, homeostasis, 
and the stress response.  
1.1.1. Adaptation to stress  
Stress research originates from the early 20th century with the experiments by 
physiologist Walter Cannon, who documented the body’s physiological responses to 
various stimuli. In his experiments, many of the body’s physiological systems became 
modified to mobilise energy reserves when faced with intense stimuli such as 
nociceptive events, hunger, cold, exercise or passionate emotions (Everly & Lating, 
2019). He described these bodily adaptations to restore physiological systems in the 
direction of dynamic equilibrium as homeostasis, and energy mobilisation to escape or 
face factors threatening homeostasis as the “fight-or-flight” response. In the late 20th 
century, Hans Selye further defined the biological responses to meet such demands as 
stress (Girdano, Dusek & Everly, 2013). Later sections of this review elaborate on 
Selye’s model of the stress response.  
Many concepts introduced by these early pioneers served as the foundations of modern 
stress research. However, the terminology used in early stress research remains a 
potential source of confusion to this date (Viner, 1999). For example, Selye defined 
stress as not only the factors threatening homeostasis but also the adaptations by the 
organism to these factors (Girdano, Dusek & Everly, 2013). Furthermore, various 
studies have described “stress” as the stimuli that threaten homeostasis (the stressors), 
the physiological or psychological response to such stimuli (the stress response), and 




the consequences of persistent inappropriate responses to such stimuli (chronic stress) 
(Romero & Butler, 2007).  
The current thesis will refer to stress and the related concepts as defined in 
physiological research today. Stress presents either a real or potential threat to 
homeostasis. Stressors are detected and evaluated by a diverse physiological network 
known as the stress system (Dedovic et al., 2009). The stress system initiates the release 
of mediators to act on corresponding receptors in the brain and periphery as the stress 
response. The stress response provides the physiological and behavioural adaptations to 
promote survival and restore homeostasis (Chrousos, 2009) (Figure 1.1).  
 
Figure 1.1. The physiological stress response. Stressors which threaten the body’s 
homeostasis are detected and processed by the stress system. Following stressor 
appraisal, the stress system initiates the sympathoadrenal medullary and hypothalamic-
pituitary adrenal axes which release catecholamines and glucocorticoids as their 
respective mediators. These mediators reach their target receptors through the 
circulation to provide the physical and behavioural adaptations as a stress response 
 
In his studies, Seyle observed that the body produces a general response to combat a 
broad range of stressors rather than responses specific to individual stressors. To 




explain this non-specificity in the stress response, Selye proposed a three-stage model 
known as the general adaptation syndrome (GAS) (Szabo, Tache & Somogyi, 2012). In 
the first stage, the alarm phase, the body prepares for extreme physical exertion to 
combat or flee the immediate predicament, analogous to the concept of “fight-or-flight” 
introduced by Cannon. Following the alarm phase, the body adapts to continuous 
stressor exposure during the resistance phase. In the final stage, the body either retains 
homeostasis and recovers or becomes exhausted, resulting in long-term impairments 
(Szabo, Tache & Somogyi, 2012) 
Modern stress research has since established the SAM and the HPA axes as the 
physiological basis for the GAS model. The first stage of the GAS model coincides 
with the SAM axis activation, which releases catecholamines as stress mediators from 
the sympathetic nervous system (SNS) and the adrenal medulla to provide an acute 
response. Following the acute response, the HPA axis modulates the second and final 
stages of the GAS model by releasing glucocorticoid hormones from the adrenal cortex. 
Elevated levels of glucocorticoids, in turn, increases the concentration of blood glucose 
coinciding with the resistance stage (McCarty & Pacak, 2000). By the final stage, the 
stress mediators return to basal physiological levels, or the inability to do so leads to 
long-term physiological damage (McCarty & Pacak, 2000). The focus of this thesis is 
the chromaffin cells of the adrenal medulla and their role in the acute stress response 
and therefore, the chronic stress response provided by the adrenal cortex will be only 
briefly overviewed.  
1.1.2. The stress axes 
An accurate physiological appraisal of stressors is essential to produce the appropriate 
responses from the SAM and HPA axes. The following section describes the role of the 
central nervous system (CNS) in the detection and relay of stress signals with specific 
reference to two common types of stressors utilised in research: physiological and 
psychogenic.  
Physiological stressors or the physical stressors are the stimuli which result in 
physiological disturbances of the body. These stressors may include external or internal 
damage such as haemorrhage, infection, pain or behavioural disruptions such as lack of 
sleep, malnutrition, jetlag, or fatigue (Kovács, Miklós & Bali, 2005). Physiological 
stressors activate regions in the hypothalamus and the brainstem. The hypothalamus is a 




critical region in the CNS regulation of both the SAM and HPA axes, and the 
hypothalamic paraventricular nucleus (PVN) receives first or second-order projections 
from the afferent nociceptive, visceral, humoral, and sensory pathways (Russo & 
Nestler, 2013). These include direct projections from the brainstem nuclei of the 
solitary tract (NTS) where the viscerosensory fibres of the spino-solitary tract terminate 
(Bains, Cusulin & Inoue, 2015). 
Psychogenic stressors such as anxiety, social or emotional “pain” threaten homeostasis 
but do not result in physiological damage (Lipski et al., 2017). These stressors recruit 
various somatosensory and nociceptive afferents in addition to the brainstem and 
hypothalamic neurons to process the ascending information through complex cortical 
and limbic circuits (Kovács, Miklós & Bali, 2005). The limbic circuits and the 
prefrontal cortex express bi-directional projections, and both relay signals directly to 
the PVN (Laviolette and Grace, 2006). The recruitment of these limbic circuits such as 
the amygdala, hippocampus, and the cortical prefrontal cortex facilitates the cognitive 
and emotional components of psychogenic stress (Kovács, Miklós & Bali, 2005).  
The afferent signals to the CNS are relayed to the sympathetic preganglionic neurons 
located in the intermediolateral cell column (IML) of the spinal cord to initiate the 
SAM axis (Figure 1.2. Fink, 2016). The premotor projections to the IML originate 
mainly from peptidergic PVN neurons, but may also include projections from the 
lateral hypothalamus and the arcuate nucleus. Brainstem projections to the IML include 
the neurons in rostral ventromedial medulla and the caudal raphe nuclei. These 
descending premotor sympathetic axons establish synaptic contacts with the 
sympathetic preganglionic neurons in the IML.  
 





Figure 1.2. Innervation of the adrenal medulla. Premotor sympathetic projections 
from the hypothalamic PVN and the brainstem establish synaptic contacts with the 
sympathetic ganglionic neurons in the intermediolateral cell column (IML) in the spinal 
cord. IML projections from thoracic level 1 to lumbar 3 (T1-L3) synapse with the 
postganglionic neurons to provide sympathetic tone (not shown). Projections from the 
IML preganglionic neurons in T1 to T9 form the greater splanchnic nerve and promote 
catecholamine secretion from the adrenal medullary cells through cholinergic 
innervation 
 
The myelinated sympathetic preganglionic fibres arise from thoracic levels 5-9 to 
directly innervate the adrenal medulla. These preganglionic fibres together form the 
greater splanchnic nerve and release acetylcholine from their terminals to stimulate 
catecholamine release from the adrenal medullary chromaffin cells. Individual fibres of 
this nerve selectively innervate either the adrenaline or noradrenaline secreting 
chromaffin cells (Mravec, 2005). This specificity permits the adrenal medulla to 
provide specialised responses. For example, some stressors, such as a drop in body 
temperature, preferentially stimulate the secretion of noradrenaline, while 




hypoglycaemia leads to a dominant adrenaline secretion. Other stressors such as pain, 
innervate both sets of nerves (Mravec, 2005). 
As part of the SNS response, sympathetic fibres exit from the spinal cord at thoracic 
levels 1-12 and lumbar levels 1-3 to synapse with postganglionic neurons. These 
postganglionic neurons form neuroeffector junctions with muscle or secretory cells at 
target sites to release noradrenaline. The noradrenaline released at these sites regulates 
the sympathetic tone in a coordinated fashion with the adrenal medulla, as described in 
later sections (Fink, 2016).  
The PVN also provides the CNS regulation of the HPA axis (Figure 1.3). The 
dorsomedial parvicellular neurons of the PVN release corticotropin-releasing hormone 
(CRH), which reaches the anterior pituitary through the hypophysial blood. The 
anterior pituitary, in turn, adrenocorticotropic hormone (ACTH) which reaches the 
adrenal gland through the systemic circulation. This ACTH stimulates the cells of the 
zona fasciculata of the adrenal cortex to synthesise and secrete glucocorticoids. Cortisol 
is the primary glucocorticoid synthesised in humans while the rodent adrenal gland 
synthesises corticosterone (Baker, Funder & Kattoula, 2013). The HPA axis responds 
to two definitive negative feedback systems. Elevated levels of glucocorticoids act on 
the glucocorticoid receptors expressed on ACTH releasing cells of the anterior pituitary 
(short-loop feedback) and on the CRH neurons of the PVN (long-loop feedback) to 
inhibit further secretion of glucocorticoids (Kim, Han & Iremonger, 2019). In the 
context of the current thesis, the glucocorticoids assist in the production of adrenaline 
from the adrenal medullary chromaffin cells and later sections further explore this 
relationship in more detail.






Figure 1.3. The HPA axis. Corticotropin-releasing hormone (CRH) released from the 
paraventricular nucleus (PVN) induces the secretion of adrenocorticotropic hormone 
(ACTH), which acts on the zona fasiculata of the adrenal cortex to synthesise and 
secrete glucocorticoids. The glucocorticoids reach their target sites through the 
circulating blood and additionally provide negative feedback to the PVN and the 
pituitary gland to reduce further ACTH secretion. The glucocorticoids also act on the 
adrenal medulla, where they assist in the production of adrenaline. Adapted from (Kim, 
Han & Iremonger, 2019). 
  
1.1.3. Stress and the adrenal medulla  
Catecholamines secreted from the adrenal medulla act on the adrenoceptors to induce 
their physiological and metabolic effects. These receptors are G-protein coupled 
receptors classified into two main subtypes: α- and β-adrenoceptors. Adrenaline 
stimulates both receptor subtypes while noradrenaline preferentially stimulates α -
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Moderate stress activates the SNS and promotes noradrenaline secretion at 
cardiovascular sympathetic nerve endings to stimulate cardiac muscle contraction. 
Likewise, sympathetic innervation of vascular beds in the gut, kidney, skeletal muscle, 
and skin causes significant vasoconstriction, while cells in the coronary, cerebral and 
bronchial beds produce weaker constrictor responses (Schisler, Lang & Wallis, 2017). 
Muscle contraction and vasoconstriction help preserve blood flow to the vital organs 
during stress. Noradrenaline induced cardiac sympathetic stimulation increases the 
force and rate of the heartbeat to elevate the overall blood supply. The SNS-induced 
noradrenaline release at the sympathetic nerve terminals primarily acts locally and 
rarely reaches the bloodstream (Fink, 2016). 
When the activation of the SNS is insufficient in mitigating the stressors, the stress 
system additionally activates the SAM axis. The increased neural outflow to the adrenal 
medulla from the greater splanchnic nerve evokes catecholamine secretion into the 
adrenal venous drainage and subsequently into the circulation. The human and rodent 
adrenal medulla predominantly secretes adrenaline and some noradrenaline. The 
catecholamines rapidly reach target cells throughout the body and stimulate α- and β-
adrenergic receptors, except for the brain where the catecholamines cannot cross the 
blood-brain barrier (Fink, 2016). 
The physiological effects of the circulating catecholamines are analogous to those of 
sympathetic stimulation but are longer lasting (Khurana, 2008). Adrenaline activation 
of the cardiac muscle β-receptors increases heart rate and the force of contractions, to 
increase the overall output of the heart. Vascular changes and bronchodilation further 
increase the oxygen supply (Khurana, 2008). The blood shunts away from less vital 
regions such as skin, mucosa, and kidneys to the coronary arteries, skeletal muscle and 
the brain through the action of adrenergic receptors on vascular smooth muscle. 
Adrenaline also promotes immediate energy supply through the enhanced conversion of 
glycogen to glucose in the liver, while promoting lipolytic activity in adipose tissues 
elevates the plasma free fatty acid levels. Thus, the body prepares for immediate 
physical and mental activity by activating its energy reserves and preserving blood flow 
to the vital organs.  
The adrenal medulla also synthesises and secretes neuropeptides along with 
catecholamines. These include opioid peptides such as enkephalin, as well as galanin, 




neuropeptide Y (NPY), and vasoactive intestinal peptide (VIP)  (Hook et al. 2008). 
Compared to the generalised and intense “fight-or-flight” response of the 
catecholamines, the neuropeptides provide milder and more specialised modulation of 
stress. For example, opioid peptides regulate analgesia and immune functions (Brunton, 
Chabner & Knollman, 2011) while NPY regulates blood pressure (Reichman & Holzer, 
2016). Secreted neuropeptides also provide autocrine and paracrine regulation of the 
adrenal gland. For example, NPY acts locally to enhance catecholamine secretion, 
while galanin and VIP promote the synthesis of cortical steroids (Cavadas et al., 2001).   
1.2. The adrenal medulla  
1.2.1. The anatomy of the adrenal glands 
The adrenal gland consists of the adrenal medulla and the adrenal cortex. In humans, 
the glands are located bilaterally on the superior pole of each kidney within the 
retroperitoneum. As such, they are also known as the suprarenal glands. The human 
right adrenal gland is pyramidal while the left gland is semilunar in shape (Vincent et 
al. 1994). Extraperitoneal connective tissue, known as the renal fascia, encloses both 
adrenal glands and surrounds the corresponding kidney. Another distinct layer of fascia 
separates the kidney and the adrenal gland, and therefore, the adrenal gland is a fully 
enclosed organ. In most quadrupeds, including the rats, the gland is anterior or medial 
to the kidney. While the rat adrenal gland is the focus of the current study, the 
mammalian pattern of the organ is consistent, and the gross anatomy is applicable 
across species.  
Adrenal cortex and the adrenal medulla are distinct in terms of their structure, function, 
and embryonic origin (Kempná & Flück, 2008). Three distinct zones make up the 
adrenal cortex, with each zone producing different hormones (Figure 1.4). The 
glucocorticoids synthesised in the zona fasciculata are responsible for the chronic stress 
response of the HPA axis. The outer zona glomerulosa secretes mineralocorticoids, 
while the innermost zona reticularis synthesises androgens. The inner medulla, which 
contains the chromaffin cells, is significantly smaller than the surrounding cortex and 
make up only one-tenth of the adrenal gland’s total weight (Kempná & Flück, 2008) 
 





Figure 1.4. The adrenal gland. The outer adrenal cortex consists of three distinct 
zones, each producing distinct hormones. The cortex encapsulates the inner medulla, 
which contains the catecholamine secreting chromaffin cells. Figure adapted from 
(Biga et al., 2020) 
 
Along with the neural input from the splanchnic nerve, the adrenal medulla additionally 
receives signals from the blood supply (see Section 1.4). The stress mediators released 
from both regions of the adrenal gland also reach their targets via circulating blood. As 
such, the adrenal gland is a highly vascular structure (Figure 1.5). It is supplied with 
blood by the superior, middle, and inferior suprarenal arteries arising from the inferior 
phrenic artery, the abdominal aorta and the renal arteries (Clark et al., 2005). These 
vessels branch before penetrating the gland capsule to produce small arteries which 
further branch out. These include the capsular capillaries supplying the capsule, 
adrenocortical sinusoids which supply the cortex and then drain into the medullary 
collecting veins and the finally the medullary arterioles which provide arterial blood 
directly to the medullary capillary sinusoids (Clark et al., 2005). 





Figure 1.5. The blood supply of the adrenal gland. The adrenal medulla receives a 
dual blood supply, one through the adrenocortical sinusoids which have already 
supplied the cortex with oxygen and another direct supply through medullary arterioles. 
Red indicates the presence of oxygen, while blue indicates its depletion. (from Kikuta 
& Murakami, 1982) 
 
Thus, the adrenal medulla receives arterial blood directly through the medullary 
arterioles while also receiving the blood that has already supplied the cortex. The latter 
is rich in glucocorticoids which assists in the synthesis of adrenaline in the chromaffin 
cells by regulating the expression of enzyme phenyl-ethanolamine N-transferase 
(PNMT). This enzyme converts noradrenaline to adrenaline, with elevated levels of 
glucocorticoids maintaining the expression of this enzyme in the chromaffin cells 
(Hodel, 2008, see Section 1.3.5). The venules arising from the cortical and medullary 
sinusoids, and therefore all the products of the adrenal cortex and the medulla, drain 
into the small adrenomedullary collecting veins that join to form the large central 
adrenomedullary vein. The central adrenomedullary vein drains directly into the 
inferior vena cava on the right-hand side and the left renal vein on the left to supply the 
circulation with catecholamines and glucocorticoids.  




1.2.2. The adrenal medullary chromaffin cells  
A prominent feature of the adrenal medulla is the clusters of chromaffin cells. These are 
the excitable cells responsible for catecholamine secretion whose the name originate 
from their affinity for chromium salts. In early research, chromium salt staining helped 
visualise them by oxidising the catecholamines to melanin, resulting in a brown stain, 





Figure 1.6. Chromium staining of the adrenal medulla. Adrenal medullary 
chromaffin cells can be visualised by chromium staining which oxidises the 
intracellular catecholamines to a brown colour. Noradrenaline containing cells produce 
a stronger chromium reaction which results in a darker colour than that produced in 
adrenaline containing cells. A = adrenaline and N = noradrenaline containing cells. 




The chromaffin cells share origins with postganglionic sympathetic neurons, with both 
originating from the trunk region of the neural tube during development (Huber, 2006). 
In vivo chromaffin cells are columnar or polygonal but are spherical once cultured and 
are generally approximately 20 μm in diameter (Rosol, et al., 2001). While they do not 
express an axon or dendrites, they may possess thin processes of various lengths.  
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As secretory cells, the chromaffin cell cytoplasm is abundant with mitochondria. Unlike 
the tubular cristae of the adrenal cortical cell mitochondria, the chromaffin 
mitochondria express shelf-like cristae and a moderately dense matrix (Herrington et 
al., 1996). Both the endoplasmic reticulum and Golgi complex situate near the 
chromaffin cell nuclei. The chromaffin cell mitochondria and the endoplasmic 
reticulum are essential in regulating [Ca2+]i in the secretory processes and will be the 
focus of Section 1.3. A network of cortical actin filaments holds the chromaffin cell 
vesicles away from the plasma membrane and thus limits their movement towards the 
exocytotic release sites. For secretion to occur, this cortical network must first be 
disassembled (Thorn, 2014). Innervation is isolated to one side of each chromaffin cell, 
while the venous sinusoids, dense with vesicles, are located on the opposite side. As 
such, neuronal stimulation and vesicle content discharge take place on opposite sides of 
the cell (Tischler, 2002). 
1.2.3. Chromaffin cell secretory vesicles 
The most notable features of the chromaffin cells are the intracellular vesicles (also 
referred to as chromaffin granules) which are highly specialised organelles for storage 
and exocytosis of catecholamines and peptides. These electron-dense organelles 
originate from the Golgi network. As these vesicles range between 130-230 nm in 
diameter depending on the species, they are larger than the large-dense core vesicles of 
the sympathetic neurons (Huber, Kalcheim & Unsicker, 2009). The appearance of a 
content vesicle is dependent on its content, as the noradrenaline vesicle are ellipsoid-
shaped, while the adrenaline vesicles are round and are smaller in diameter (Díaz -
Flores et al., 2007).  
Each chromaffin cell contains between approximately 12,000 to 30,000 vesicles 
(Lenders & Hisenhofer, 2014). Early reports suggested the presence of a mixture of 
adrenaline and noradrenaline vesicles in the same chromaffin cells, but subsequent 
cytochemical studies refuted this proposal (Benchimol & Cantin, 1977). These early 
experiments further estimated that 95% of the human chromaffin cells secrete 
adrenaline rather than noradrenaline (Benchimol & Cantin, 1977). In comparison, most 
studies reported a 4:1 ratio of adrenaline to noradrenaline secreting chromaffin cells 
across most mammals (Díaz-Flores et al., 2007). As adrenocortical glucocorticoids 
assist in the conversion of noradrenaline to adrenaline, the adrenaline containing 




chromaffin cells are prominent in regions adjacent to the cortex. In contrast, the centre 
of the medulla mostly consists of noradrenaline secreting chromaffin cells (Díaz-Flores 
et al., 2007).  
The molecular composition of the chromaffin vesicles is complex. In addition to the 
catecholamines, the vesicles contain a diverse mixture of secretory neuropeptides, 
enzymes and granin proteins. Granin proteins such as chromogranin A and 
chromogranin B facilitates various functions such as vesicle formation and 
translocation between different stages of exocytosis (Borges et al., 2010) and fusion 
between the vesicle and plasma membranes (Nostramo & Sabban, 2015). These 
proteins are also the precursors for several neuropeptides that are secreted along with 
catecholamines during cell stimulation (Taupenot et al. 1999). As they are essential for 
in vesicle function, stress elevates the expression of chromogranin mRNA (Sabban et 
al., 2011) and disrupting the expression of these proteins impairs catecholamine release 
(Crivellato, Nico & Ribatti, 2008). Lastly, the vesicles express the essential enzymes of 
the catecholamine synthesis pathway, including dopamine-β-hydroxylase (DβH), and 
Section 1.3.5 describes the role of these enzymes. 
1.2.4. Chromaffin vesicle pools  
Several experimental techniques used to study chromaffin cell exocytosis mechanisms 
include flash photolysis which induces exocytosis by elevating [Ca2+]i, along with 
electrophysiology and capacitance measurements which monitor vesicle fusion with the 
plasma membrane. Combinations of these experimental techniques showed that the 
chromaffin vesicles are not uniform and express distinct exocytotic kinetics (Heineman 
et al., 1994) and cellular location (Stevens et al., 2011). As such, chromaffin vesicle 
populations are classified into distinct vesicle pools, representative of their availability 
to secrete catecholamines upon cell stimulation (Figure 1.7).  





Figure 1.7. Vesicle pools of the chromaffin cell. The chromaffin vesicles organise 
into vesicle pools based on their readiness to secrete catecholamines. The release-ready 
vesicles and docked vesicles are both associated with the plasma membrane. The 
reserve vesicles are isolated away from the plasma membrane. The movement of 
vesicles between these pools along with membrane fusion itself forms the basis of 
exocytosis, and most of these steps are dependent on Ca2+-influx upon cell stimulation. 
Figure adapted from (García et al., 2006). 
 
Most of the chromaffin vesicles reside in the reserve pool which is held away from the 
plasma membrane by the actin cytoskeletal network. Following exocytosis, a portion of 
this vesicle population relocates to release sites on the plasma membrane in preparation 
for subsequent secretory episodes in what is known as vesicle docking (Stevens et al., 
2011). These docked vesicles are located within 50 nm of the plasma membrane but 
require additional molecular maturation through the priming steps before they are 
competent for secretion (Parsons et al., 1995). The vesicles in the readily-releasable 
pool are in the final stage of maturation and can immediately fuse with the plasma 
Ca2+-dependent processes
























membrane upon Ca2+-influx induced by cell stimulation (Vitale, Seward & Trifaro, 
1995).  
Studies combining of flash photolysis and capacitance measurements showed that the 
membrane-proximal vesicles form only a minor portion of the cell’s total vesicle 
population. Readily-releasable vesicles form less than 1% of the total vesicle numbers 
while the docked vesicles make up 1-5%, with most of the remaining vesicles residing 
in the reserve pool (Vitale, Seward & Trifaro, 1995). The vesicle movement between 
these pools, consisting of docking, priming, fusion and recycling, serves as the basis for 
exocytosis and the following section explore the cellular mechanisms involved in these 
steps. 
1.3.   Exocytosis from the chromaffin cell 
1.3.1.  The role of Ca2+ and Ca2+-homeostasis  
Regulated exocytosis consists of the fusion between vesicle and plasma membranes to 
secrete vesicle content. As noted above, it is a Ca2+-dependent process and with critical 
components of the exocytosis machinery relying on increased levels of [Ca2+]i, which 
can elevate 10 to 100-fold during cell stimulation. As such, spontaneous fusion between 
the vesicles and the plasma membrane is limited at basal physiological levels [Ca2+]i. 
To initiate and maintain exocytosis during stress, secretagogues such as acetylcholine 
activate plasma membrane receptors to elevate [Ca2+]i, by both opening the membrane-
bound voltage-gated Ca2+ channels to permit the influx of extracellular Ca2+ and by 
mobilising the endoplasmic reticulum Ca2+ stores (Carbone et al., 2019). Chromaffin 
cell research has utilised several different species, but the following sections mainly 
present the research conducted in rats as they are the focus of the experimental studies 
in this thesis.  
The chromaffin cell voltage-gated Ca2+ channels are complexes comprising of a main 
pore-forming α1-subunit in association with auxiliary β-, α2δ- and γ-subunits. Channel 
subtypes arise from the multiple genes of the different subunits, different combinations 
of subunits and alternative splicing (Garcı́a et al., 2006). The channels express either a 
high-voltage activation (HVA, >40 mV) threshold or a low-voltage activation (LVA, 
<40 mV) threshold. The rat chromaffin cells express four subtypes of HVA channels 




termed L-, P/Q-, R-, N-channels and one LVA subtype T-channels (Gandı́a et al.,1995; 
Garcı́a et al., 2006).  
The L-type HVA channels contribute to nearly half of the whole-cell current in cultured 
rat chromaffin cells and are responsible for the most Ca2+-influx during chromaffin cell 
exocytosis (Gandia et al.,1995). These channels permit sustained Ca2+-influx during 
extended or repeated depolarisation as their inactivation is also voltage-dependent 
(Mahapatra et al., 2012). Additionally, L-type channels are essential in the regulation of 
chromaffin cell endocytosis, and Section 1.3.4. further elaborates this process. P-type 
and Q-type channels are collectively referred to as P/Q-type channels as they share 
similar subunit composition and inhibitor sensitivity (Sather et al., 1993). Their 
expression is scarce in rat chromaffin cells, as channel inhibitor ω-agatoxin IVA 
produced only a 10-15% blockage of the Ca2+-current in these cells (Gandia et al., 
1995). In mice, P/Q channels regulate the release of primed vesicles, with the release of 
these vesicles limited in ω-agatoxin IVA treated or P/Q channel knockout mice 
(Álvarez et al., 2013). Studies on the bovine chromaffin cells support the association 
between P/Q-type channel and the release of primed vesicles (Ardiles et al., 2007). N-
type and R-type channels account for approximately a quarter and one-eighth of the 
whole-cell current in the rat chromaffin cell, respectively. These channel subtypes 
contribute significantly less to Ca2+-influx than L-type channels in rat chromaffin cells 
as they inactivate rapidly (Artalejo, Perlman & Fox, 1992; Hollins & Ikeda, 1996).  
Lastly, T-type channels are difficult to detect in rat chromaffin cells as their expression 
peaks during development and declines in adulthood (Bournaud et al., 2001). These 
channels couple to the secretory vesicles to promote catecholamine release at lower 
depolarisations of between approximately -50 to -40 mV (Carabelli et al., 2003), which 
may account for the transient mode of exocytosis under basal physiological conditions 
(see also Section 1.3.3. under “Vesicle Fusion”). Later studies by the same laboratory 
demonstrated that stress during development resulted in the upregulation of T-type 
channel expression and an increase in catecholamine secretion at lower membrane 
voltage thresholds (Carabelli et al., 2007). Thus, the T-type channels may dominate the 
stress response during development when HVA channels are largely absent while 
contributing less during adulthood.  




The elevation in [Ca2+]i through influx from the voltage-gated channels may also 
induce internal Ca2+-release from the endoplasmic reticulum by a process known as 
Ca2+-induced Ca2+-release (CICR). Secretagogue activation of membrane receptors by 
may also activate internal stores to induce Ca2+ mobilisation  (see also Section 1.4). 
This internal Ca2+-release is insufficient to initiate exocytosis on its own but can 
amplify the Ca2+ signal from the Ca2+-influx to sustain a secretory episode (Garcia et 
al., 2006). Additionally, internal release assists in the disassembly of the actin 
cytoskeletal network to promote docking and increase the pool of vesicles available for 
release.  
During extended, or high levels of stimulation, the chromaffin cell mitochondria assist 
in the uptake Ca2+ to prevent its excess build-up (Herrington et al., 1996). This 
mitochondrial store may also be released back into the cell within seconds to minutes 
after extracellular Ca2+-influx has terminated to assist vesicle recruitment from the 
reserve pool (Villalobos et al., 2012). Following an exocytotic episode, Ca2+-ATPase 
and Na+/Ca2+ exchange pumps serve as the primary mechanisms in returning [Ca2+]i to 
basal levels while the mitochondria and the endoplasmic reticulum uptake provide 
additional assistance at higher stimulations.  
In summary, the HVA Ca2+ channels, the Ca2+ exchange pumps, the endoplasmic 
reticulum and the mitochondria act in a coordinated fashion to initiate, sustain and 
terminate an exocytosis episode, and to replenish the vesicle pools using (Garcia et al., 









Figure 1.8. Overview of Ca2+-dynamics in the chromaffin cell. The influx of 
extracellular Ca2+ upon chromaffin cell stimulation initiates various intracellular 
mechanisms. Elevation of [Ca2+]i permits the fusion of primed vesicles and dissociates 
the actin F-network for vesicle docking. It also activates the Ca2+-sensitive stores on the 
endoplasmic reticulum to promote the internal release of Ca2+. Excess [Ca2+]i is 
removed through exchange pumps and is taken up by the mitochondria. 
Secondary/internal releases of Ca2+ are insufficient to induce vesicle fusion but which 




The intracellular mechanisms responsible for mediating Ca2+-dependent exocytosis 
include multiple vesicle-associated proteins such as soluble N-ethylmaleimide-sensitive 
factor attachment protein receptor (SNARE) proteins. The SNARE proteins mediate 
intracellular vesicle trafficking events in multiple cell types, including mammalian 
secretory cells (McNew, 2008). In the chromaffin cell, SNARE protein inhibition by 
botulinum neurotoxins or their genetic deletion significantly impairs exocytosis 
(Fergestad et al., 2001; Washbourne et al., 2001). These proteins distinctly localise on 




the chromaffin vesicles (vesicle “v-SNARE”) and the plasma membrane docking site 
(target “t-SNARE”). All SNARE proteins share a 60-70 amino acid long “SNARE 
motif” that forms helices to assemble into a SNARE complex (Weimbs et al., 1997). 
This sequential “zippering” between complementary v- and t-SNARE into a partial 
complex forms the basis for vesicle docking, while the completion of the complex 
assembly forms the basis for the vesicles fusing with the plasma membrane (Dhara, 
Mohrmann & Bruns, 2018). 
1.3.2.  Vesicle docking and priming  
The docking stage relocates the reserve pool vesicles to their release sites. Before 
docking, the chromaffin cell disassembles the actin cytoskeletal network that limits the 
intracellular movement of these organelles (Vitale, Seward & Trifaró, 1995). This 
network maintains its rigidity through myristoylated alanine-rich C kinase substrates 
(MARCKs) which crosslinks the actin filaments (Rosé et al., 2001). Studies have 
identified two Ca2+-dependent mechanisms responsible for the disassembly of the 
cytoskeletal network following cell stimulation (Trifaró, 2000). First, Ca2+-influx 
during cell stimulation activates the protein kinase C (PKC) dependent phosphorylation 
of MARCKs, which dissociates the proteins from the actin filaments (Rosé et al., 
2001). Additionally, Ca2+-influx activates the protein scinderin, which severs the actin 
filaments (Trifaro, Vitale & Rodriguez Del Castillo, 1993).  
Following the disassembly of the cortical network, vesicles from the reserve pool 
relocate to the docking sites on the plasma membrane (Figure 1.9, de Wit et al., 2009). 
A docking site, also known as an acceptor complex, is formed on the plasma membrane 
by the two t-SNAREs syntaxin-1 and SNAP25 (Fasshauser & Margittai, 2003, de Wit 
et al., 2009). Vesicle associated proteins such as synaptotagmin may additionally 
interact with the acceptor complex to assist in docking while the interactions between 
v-SNARE synaptobrevin-2 and the acceptor complex complete the docking process 
(Zilly et al., 2006).  





Figure 1.9. Chromaffin vesicle docking. Interactions between the v-SNARE 
synaptobrevin and t-SNAREs syntaxin and SNAP25 docks the vesicle on the plasma 
membrane and initiates the assembly of the trans-SNARE complex. Other vesicle-
associated proteins such as synaptotagmin additionally interact with the acceptor 
complex during docking. Blue indicates the vesicle-associated proteins. Figure adapted 
from de Wit et al. (2009).  
 
Relocating the vesicles to their release sites on the plasma membrane is insufficient for 
vesicle fusion. Instead, the docked vesicles undergo additional biochemical events and 
molecular maturation, known as the priming steps, to become fusion-competent 
(Parsons et al., 1995). Phosphatidylinositol 4,5-bisphosphate (PIP2) is an essential 
driver of vesicle priming (Hay & Martin, 1993) with disruptions of PIP2 function 
decreases the availability of the readily-releasable vesicles without affecting the 
population of docked vesicles (Gong et al., 2005). Availability of PIP2 is dependent on 
adenosine triphosphate (ATP) mediated phosphorylation of phosphatidylinositol-4-
phosphate (PIP) by phosphatidylinositol 4-phosphate-5-kinase (PIP5K1) (Hay et al., 
1995). Therefore, priming is an ATP-dependent process. Interactions between PIP2 and 
binding proteins including Ca2+-dependent activator protein (CAPS), Munc-18 and N-
ethylmaleimide-sensitive factor (NSF) complete the priming steps by assembling a 




stable SNARE complex between the docked vesicle and the plasma membrane, known 
as the trans-SNARE (Figure 1.10). Multiple SNARE-complexes may form between the 
vesicle and the plasma membranes (Mohrmann & Sørensen, 2012).  
 
 
Figure 1.10. Formation of the trans-SNARE. The docked vesicles undergo 
maturation steps during vesicle priming to become release-ready. Formation of the 
trans-SNARE complex between the v- and t-SNAREs permits the vesicle to remain 
associated with the plasma membrane before fusion. Figure adapted from Li et al. 
(2014).  
 
Formation of the trans-SNARE complex permits vesicles to remain associated with the 
plasma membrane, while fusion clamp proteins such as complexin and Munc-18 
maintain the complex stable and prevent spontaneous fusion (Kümmel et al., 2011, Li 
et al., 2014). The vesicle priming is Ca2+-independent whereas Ca2+-influx serves as a 
trigger for the primed vesicle to undergo fusion. 
1.3.3.  Vesicle fusion  
The fusion between the vesicle and plasma membranes permits the vesicles to release 
their content into extracellular space. Under basal physiological conditions where the 
levels of [Ca2+]i are low (<100 nM), transient vesicle fusion, commonly known as 
“kiss-and-run”, is the predominant mode of endocytosis, accounting for approximately 
90% of catecholamine release at this time (Elhamdani, 2006) (Figure 1.11). Kiss-and-















membrane channel, which connects the lumen of the vesicle with the extracellular 
space but prevents the vesicle from fully fusing with the plasma membrane (Henkel, 
Kang & Kornhuber, 2011). In the bovine chromaffin cells, the upper limit for the pore 
diameter is less than approximately 3 nm which permits only small molecules such as 
catecholamines to be released (Albillos et al., 1997), while the larger neuropeptides 
remain trapped in the vesicle (González-Jamett et al., 2013). This mode of fusion 
preserves the cost of fully reassembling the vesicle and may also fine-tune secretion 
between catecholamines and neuropeptides. Catecholamines secreted by kiss-and-run 
fusion contribute to sympathetic tone in conjunction with those from SNS activity 
(Berends et al., 2019). As noted previously, the T-type Ca2+ channels are associated 
with the regulation of kiss-and-run fusion as these channels are likely to be open during 
small depolarisations under non-stressed conditions due to their low activation 
threshold.  
  
Figure 1.11. The kiss-and-run fusion of the chromaffin vesicles. Kiss-and-run fusion 
predominantly takes place under basal physiological conditions. Smaller 
catecholamines are secreted to extracellular space through the transient pore while 
larger neuropeptides remain trapped within the vesicle. Figure adapted from Henkel, 
Kang & Kornhuber (2011).  
 
At higher rates of stimulation, such as those associated with stress, the [Ca2+]i within 
the chromaffin cell may reach 20 times the basal levels. Under these conditions, most 
of the primed vesicles fully fuse with the plasma membrane to secrete both 




catecholamines and larger neuropeptides (Figure 1.12. Elhamdani et al., 2006). The 
elevation in [Ca2+]i during stimulation activates Ca2+-sensor protein synaptotagmin to 
counteract the clamp proteins inhibition stabilising the trans-SNARE complex to permit 
assembly into a cis-SNARE complex and fully fuse the vesicle with the plasma 
membrane (Kümmel et al., 2011). The catecholamines and neuropeptides are then 
secreted to the extracellular space while the vesicle membrane and its associated 
protein components remain within the cell.   
 
Figure 1.12. Full-fusion mode of vesicle content secretion. To meet high 
catecholamine demands and to secrete the larger neuropeptides, the chromaffin vesicles 
undergo full fusion. A) Upon detection of elevated [Ca2+]i by synaptotagmin, primed 
vesicles empty their stores by secreting content into extracellular space, and the plasma 
membrane expands to accommodate for the fusing vesicle membrane. B) The vesicle 
membrane fully fuses into the plasma membrane to assemble the final cis-SNARE 
complexes between the v- and t-SNAREs. Figure adapted from Elhamdani et al. (2006).  
1.3.4.  Endocytosis and vesicle recycling  
The fusion between the vesicle and the plasma membranes results in an increased 
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following the secretion of vesicle content to maintain a constant cell surface area and to 
recycle the vesicle components (Henkel, Horstmann & Henkel, 2001). 
As described previously, transient kiss-and-run fusion is the predominant mode of 
vesicle release under basal conditions. Following this mode of fusion, the chromaffin 
cell achieves homeostasis within milliseconds to seconds by rapid endocytosis 
(Artalejo, Elhamdani & Palfrey, 2002). Rapid endocytosis is, however, insufficient in 
the restoration of homeostasis following during sustained stimulation cell dominated by 
full-fusion. Under these circumstances, the cells predominantly undergo a significantly 
slower form of endocytosis, which takes approximately 10 min to complete (Artalejo, 
Elhamdani & Palfrey, 2002). Capacitance measurements showed that this process is 
dependent on the proteins dynamin and clathrin as summarised in Figure 1.13 (Artalejo 
et al., 1995). Clathrin extracts the fully fused vesicle membrane into the intracellular 
space by forming invaginations known as clathrin-coated pits. Once this pit fully 
matures, the fission protein dynamin cleaves the newly formed vesicle from the plasma 
membrane (McMahon & Boucrot, 2011) which then uncoats to recycle the clathrin for 
future endocytotic episodes.  
In contrast, the rapid kiss-and-run method of endocytosis is independent of clathrin as 
the vesicle membrane largely remains within the intracellular space (Elhamdani et al., 
2006). In this case, dynamin directly cleaves the partially fused vesicle membrane to be 
retrieved into the reserve vesicle pool.  
 





Figure 1.13. Clathrin-dependent, slow endocytosis of chromaffin vesicles. A) 
Clathrin attaches to the fully fused vesicle membrane following secretion. B) Clathrin 
forms a coat around the newly forming vesicle, and the vesicle membrane is extracted 
into intracellular space to form a  clathrin-coated pit. The fission protein dynamin 
severs the fused from the plasma membranes. C) A clathrin-coated vesicle is formed 
and enters the reserve pool to replenish the depleted catecholamines. Figure adapted 
from Elhamdani et al. (2006) 
 
Endocytosis additionally falls under two categories based on the proportion of 
membrane retrieved, with levels of [Ca2+]i determining the mode that takes place 
(Engisch & Nowycky, 1998). The “compensative” endocytosis is associated mainly 
with kiss-and-run fusion and therefore, accounts for most of the vesicle retrieval taking 
place under basal conditions (Smith & Neher, 1997). This mode of endocytosis 
recovers the portion of the membrane that is equivalent to the area added by the prior 
fusion. In contrast, “excess” endocytosis takes place following high secretory activity 
(Neher & Zucker, 1993). Under this mode, up to 10% of the total cell surface is 
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internalised at a rate 10-fold faster than compensatory endocytosis, allowing the cell to 
counteract the continuous full-fusion under high or extended stimulation (Neher & 
Zucker, 1993). 
1.3.5. Vesicle replenishing and catecholamine synthesis 
Following endocytosis, the depleted chromaffin vesicles replenish their stores by 
synthesising catecholamines. This synthesis involves various enzymes and consists of 
multiple steps which take place both in the cytoplasm and in the vesicles as summarised 
in Figure 1.14.  
 
Figure 1.14. The catecholamine synthesis pathway. The chromaffin cell 
catecholamine synthesis pathway involves multiple enzymes and takes place both 
within vesicles and the cytoplasm. Blue squares represent enzymes, and white squares 
represent transport systems, while red circles represent catecholamines with A = 
adrenaline, NA = noradrenaline. LAT = L-type amino acid transporter, VMAT = 
vesicular monoamine transporter. The abbreviations for enzymes are provided in the 
text. Figure adapted from Berends et al. (2019).  
 
The first component of the synthesis pathway is amino acid L-tyrosine, which the 
chromaffin cell uptakes from extracellular space through membrane-bound proteins and 
transports to the cytoplasm by the membrane-bound L-type amino acid transporter 
(LAT) systems (Salisbury & Arthur, 2018). In the cytoplasm, tyrosine hydroxylase 
(TH) converts L-tyrosine to L-3,4,-dihydroxyphenylalanine (L-DOPA). Cytosolic 
aromatic L-amino acid decarboxylase (AADC) further decarboxylates L-DOPA into 





















vesicular monoamine transporters (VMATs) to be converted to noradrenaline by DβH 
enzyme (Eisenhofer et al., 2001).  
The noradrenaline synthesised in the chromaffin vesicles is capable of diffusing 
passively into the cytoplasm (Berends et al., 2019). In adrenaline containing chromaffin 
cells, the enzyme PNMT further converts this cytoplasmic noradrenaline to adrenaline 
(Eisenhofer et al., 2001). Cytoplasmic adrenaline formed through PNMT activity is 
then translocated back into the vesicle by VMAT (Wimalasena, 2010). As described 
previously, the chromaffin cell PNMT expression is dependent on glucocorticoids, 
which may reach the adrenal medulla via the blood vessels that have previously 
supplied the adrenal cortex (Hodel, 2008). Glucocorticoids passively diffuse into the 
chromaffin cell to act on cytoplasmic glucocorticoid receptors to promote PNMT gene 
expression (Schinner & Bornstein, 2005). More than 95% of circulating adrenaline is 
estimated to originate from the adrenal medulla. In contrast, noradrenaline mainly 
originates from the sympathetic nerve endings, with chromaffin cells contributing to 
less than 10% of circulating noradrenaline (Berends et al., 2019).  
1.4. Physiological regulation of the adrenal medulla  
As described in Section 1.2, a diverse range of physiological and psychogenic stressors 
induce the stress response. Accordingly, the chromaffin cells respond to various 
synaptic, endocrine and paracrine inputs to provide corresponding catecholamine and 
neuropeptide secretion. Given that many stimuli are known to act on the chromaffin 
cells, this Introduction will focus primarily on those used in the current study. These 
consist of acetylcholine, pituitary adenylate cyclase-activating polypeptide (PACAP) 
which are co-released from the splanchnic nerve and histamine, a well-established 
paracrine factor associated with inflammatory responses. All these first messengers 
evoke Ca2+-dependent catecholamine secretion from the adrenal medulla, but the 
mechanisms involved differ.  
1.4.1.  Cholinergic stimulation of the chromaffin cells 
Acetylcholine is the primary neurotransmitter acting on the adrenal medulla during the 
initial period of SAM axis activation. The splanchnic nerve terminals that directly 
innervate the chromaffin cells release acetylcholine to provide cholinergic stimulation.  
Acetylcholine induces cell depolarisation through the nicotinic acetylcholine receptors 




(nAChR) on the chromaffin cell surface (Criado, 2017). These receptors are ligand-
gated ion channels that open upon binding of an acetylcholine module to the N-terminal 
of each of its two α-subunits, which permits free movement of cations across the 
channel. The net influx of intracellular Na+ ions results in local depolarisations, which 
in turn opens the voltage-gated Na+ channels and subsequent depolarisation of the cell 
(Criado, 2017). This depolarisation, in turn, activates the voltage-gated Ca2+ channels, 
inducing Ca2+ -influx, and thus initiate Ca2+-dependent exocytosis (Figure 1.15). Under 
prolonged exposure to a nicotinic agonist, the receptors enter an inactive conformation, 
and the cation channels close, preventing further depolarisation of the cell (Giniatullin, 
Nistri & Yakel, 2005). 
 
Figure 1.15. Acetylcholine-induced activation of the chromaffin cell nAChRs. 
Activation of the nAChR by two acetylcholine molecules opens the cation channel to 
permit the Na+ influx and K+ efflux, which results in local depolarisations. These 
depolarisations open the voltage-gated Na+ channels to permit the further influx of Na+ 
to depolarise the cell and activate the voltage-gated Ca2+ channels to initiate exocytosis.  
 
Studies on isolated chromaffin cells (Chowdhury et al., 1994) and ex vivo adrenal slices 
have both reported exocytosis following nAChR activation by agonists such as 
acetylcholine, nicotine and 3,4-Dimethylpyrazole phosphate (DMPP) (Lim & Hwang, 
1991). Furthermore, data collected using radiolabelled Ca2+ (Malhotra, Wakade & 
Wakade, 1988) and Ca2+-indicators such as Fura-2 (O’Sullivan et al., 1989) or Fluo-3 
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influx and subsequent elevation in [Ca2+]i following nAChR activation. The activation 
of nAChRs additionally promotes catecholamine synthesis. In the rat adrenal medulla, 
TH mRNA and protein expression elevates in dose-dependent fashion within 10 min of 
intraperitoneal nicotine injection (Fossom, Carlson & Tank, 1991). Extended nicotine 
administration also resulted in a dose-dependent elevation in TH enzyme activity of the 
rat adrenal medulla (Sun, Sterling & Tank, 2003).  
The chromaffin cells of many species, including the rat, also express muscarinic 
acetylcholine receptors (mAChR) (Malhotra, Wakade & Wakade, 1988). Thus, 
acetylcholine released from the splanchnic nerve can simultaneously activate both 
nAChR and mAChR on the chromaffin cells (Piech-Dumas, Sterling & Tank, 1999). 
The mAChRs are metabotropic receptors which primarily induce [Ca2+]i elevation 
through the formation of inositol trisphosphates (IP3) which acts on receptors on the 
endoplasmic reticulum to promote internal Ca2+-release. (Inoue et al., 2003). In rat 
chromaffin cells, mAChR activation has been demonstrated to induce exocytosis 
(Chowdhury et al., 1994, Barbara, Lemos & Takeda, 1998), and increase TH 
expression in vivo. Although acetylcholine acts on two types of receptors during SAM 
activation, studies indicate that secretion is primarily nAChR-dependent (Sala, Nistri & 
Criado, 2007). The main reason for this is that mAChR expression is significantly 
lower than nicotinic receptors on the chromaffin cells, with only approximately 30% of 
the rat chromaffin cells expressing the former (Zaika et al., 2004). Additionally, 
although present on both adrenaline and noradrenaline secreting chromaffin cells, 
mAChRs are more densely expressed on the noradrenergic chromaffin cells when 
maintained in culture (Michelena et al., 1991). 
1.4.2.  PACAP stimulation of the chromaffin cells 
PACAP is a co-transmitter located in the nerve terminals of adrenomedullary 
cholinergic synapses and promotes catecholamine secretion through the PACAP 
receptor (PAC1R) (Hamelink et al., 2001). This endogenous PACAP release may only 
occur at higher stress levels, as PAC1R antagonists inhibited catecholamine secretion 
during high-frequency but not low-frequency stimulation of the splanchnic nerve (Kuri, 
Chan & Smith, 2009). The PACAP-induced catecholamine secretion can persist for 
several hours compared to cholinergic stimulation which lasts only minutes (Babinski 
et al., 1996). Therefore, PACAP may provide additional and longer-lasting stimulation 




to the chromaffin cell than cholinergic stimulation during elevated or persistent stress 
when the splanchnic is chronically stimulated (Kuri, Chan & Smith, 2009, Eiden, et al., 
2017). Although the two stimuli are co-released from the splanchnic nerve, PACAP-
induced exocytosis is acetylcholine-independent, as isolated chromaffin cells 
desensitised to cholinergic stimulation still secreted catecholamines in response to 
PACAP application. (Stroth et al., 2013). Not all chromaffin cells appear to express the 
PAC1R, with approximately two-thirds of the isolated rat chromaffin cells showing a 
response to PACAP (Chowdhury et al., 1994). 
The intracellular mechanisms involved in PACAP-induced chromaffin cell exocytosis 
are intricate, as summarised in Figure 1.16. Studies have proposed at least four 
intracellular signalling pathways that take place following PAC1R activation. Two of 
these pathways induce catecholamine secretion by elevating [Ca2+]i, while two promote 










Figure 1.16. PACAP-mediated chromaffin cell intracellular mechanisms. PACAP 
stimulation of the chromaffin cell initiates two intracellular pathways (in red arrows) 
which initiate exocytosis and two which promotes catecholamine synthesis (in black 
arrows). Formation of cAMP following PAC1R activation promotes catecholamine 
synthesis through PKA and NCS-Rapgef2 while inducing exocytosis through an 
EPAC-dependent pathway. In cAMP-independent fashion, a G-protein-coupled 
pathway may also initiate exocytosis. Figure adapted from Eiden et al. (2017). All 
abbreviations are provided in the text. 
 
True to its name, activation of the PAC1R promotes the formation of second messenger 
cyclic adenosine monophosphate (cAMP) and thus activates protein kinase A (PKA) 
which promotes TH and PNMT expression to assist in catecholamine production 
(Stroth et al., 2011). The formation of cAMP induces exocytosis through an EPAC 
(exchange factor directly activated by cAMP)-dependent pathway (Kuri, Chan, & 
Smith, 2009). The binding of cAMP to EPAC promotes the activity of enzyme 
phospholipase C epsilon (PLCε), which cleaves PIP2 into IP3 and diacylglycerol 







































pathway (Jorgensen et al., 2002; Kuri, Chan & Smith, 2009). The resultant activation of 
PKC phosphorylates and opens a yet to be identified membrane cation channel (Hill et 
al., 2011). The opening of this cation channel causes Ca2+-influx and thus exocytosis 
via voltage-gated Ca2+ channels. Additionally, IP3 will induce internal Ca2+-release to 
further elevate [Ca2+]i. Studies on the mouse and bovine chromaffin cells also indicate 
that PACAP promotes gene transcription through a PKA-independent mechanism, 
involving NCS-Rapgef 2 (neuritogenic cAMP sensor encoded by Rapgef2 gene) (Stroth 
et al., 2011, Emery et al., 2013).  
1.4.3.  Histaminergic stimulation of the chromaffin cells 
Histamine has been long associated with eliciting catecholamine secretion from the 
chromaffin cells (Douglas, Kanno & Sampson, 1967). Unlike acetylcholine and 
PACAP, histamine reaches the adrenal medulla via the blood supply and not from the 
splanchnic nerve (Borges, 1993). Histamine is the primary mediator during 
anaphylactic shocks and adrenaline secreted from the adrenal medulla may counteract 
many of histaminergic cardiovascular and respiratory actions. Anaphylaxis shock, for 
example, is treated via intramuscular adrenaline administration which, to some extent, 
mimics the adrenaline secreted from the chromaffin cells (Song, Worm & Liberman, 
2014). Therefore, histamine-induced catecholamine secretion from the adrenal medulla 
is essential for survival under these physiological conditions.  
Histamine evokes catecholamine secretion through the histamine receptor (H1R) 
(Borges, 1993). Although reports estimated that 80-95% of the chromaffin cells express 
the H1R across various species, including the rat (Marley, 2003), its activation may 
preferentially secrete adrenaline (Borges, 1993). Histamine induces an elevation in 
[Ca2+]i via influx through voltage-gated Ca2+ channels and by promoting internal Ca2+-
store release as summarized in Figure 1.17.  





Figure 1.17. Histamine-mediated chromaffin cell intracellular mechanisms. 
Histamine induces an [Ca2+]i elevation through both Ca2+-influx and internal Ca2+-
release (indicated in red arrows). Through the inhibition of the M-current, H1R 
activation induces depolarisation and Ca2+-influx. Additionally, IP3 formation 
stimulates Ca2+-release from the endoplasmic reticulum. Histamine also promotes 
catecholamine synthesis by increasing TH expression and activity through a PKA-
dependent pathway. All abbreviations are provided in the text.  
 
The activation of H1R by histamine results in inhibition of K+ channel known as the M-
current via PLC activity (Bunn & Dunkley, 1997). This inhibition leads to an 
accumulation of an intracellular K+ ions into a cell depolarisation, thus subsequently 
opening the voltage-gated Ca2+ channels and exocytosis  (Wallace, Chen & Marley, 
2002; Marley, 2003). Histamine-induced PLC activation also promotes the elevation of 
[Ca2+]i via the action of IP3 on the endoplasmic reticulum (Marley, 2003). Additionally, 
H1R activation promotes TH activity through an increase in its phosphorylation 
through a PKA-dependent mechanism (Bunn et al., 1995; Marley & Robotis, 1998).  
Voltage-gated Ca2+ channel






























1.5. Experimental aims 
The chromaffin cells have provided a valuable experimental model for the exploration 
of neurosecretory mechanisms. There are two main reasons for this: first, their 
secretory mechanism is closely analogous to those of neurons (O’Connor et al., 2007) 
and second, the chromaffin cell is a rare example of a post-mitotic, fully differentiated 
neuronal cell, which is available as a relatively homogeneous population and can be 
successfully maintained in vitro (e.g. cell culture). While many early studies utilised 
bovine-derived cells due to the large recoverable cell number, more recent work has 
employed cells from laboratory rodent models, thus able to take advantage of 
transgenic material. Many of the previous studies examining Ca2+-signalling in 
chromaffin cells have employed single cells isolated in culture. While providing many 
high-resolution data, the cells under such conditions lose their “anatomical register” or 
in other words, now lack the contact and ability to interact with cells which surround 
them in intact tissue.  
The current study aimed to address this potential limitation by exploring stimulus-
induced [Ca2+]i changes in chromaffin cells retained within the adrenal medulla. The 
study achieved these aims using freshly isolated adrenal slices from the rat and then 
loading them ex vivo with the Ca2+-sensitive indicator Fluo-4. The overall aim of this 
study was to determine the responses generated by individual chromaffin cells within 
the slice to three known secretory stimuli, nicotine (which will mimic the cholinergic 
stimulation known to occur in vivo), the neuropeptide PACAP (a recognised co-
transmitter at the synaptic inputs to the chromaffin cell) and histamine (a well-
established non-neuronal regulator of chromaffin cell activity). The underlying 
hypothesis is that these stimuli will generate distinct Ca2+ responses within the 
chromaffin cells and that these responses may differ from those previously reported for 
isolated single cells.  




2. Methods  
2.1. Animals  
The animals used in the current study were adult male Sprague Dawley Rats aged 6-9 
months. All rats were housed in a temperature (22±2°C) controlled room on a 12-hour 
light cycle (lights on at 5:50 hr), with ad libitum access to food and water. All 
experiments were approved by the Animal Ethics Committee of the University of 
Otago and all animal procedures were performed in accordance with the New Zealand 
Animal Welfare Act. 
2.2. Adrenal slice preparation  
The rats were transported from their holding unit to the laboratory in a secure and 
covered cage. Upon arrival, intraperitoneal injection of a terminal dose of pentobarbital 
(300 mg/kg) euthanised the animals. When the rats no longer produce a toe pinch 
reflex, they were decapitated using a rodent guillotine. Both adrenal glands were 
quickly removed and placed in an ice-cold buffer of the following composition: 26 mM 
NaHCO3, 116.5 mM NaCl, 1.25 mM NaH2PO4, 10 mM D-glucose, 2 mM MgCl2, 1 
mM CaCl2 and 2.5 mM KCl, and gassed with 5% CO2 – 95% O2.  
The adrenal glands were removed from the buffer and mounted onto a vibratome stage. 
The adrenal was kept in place by agar blocks, as shown in Figure 3.1. The stage, with 
the mounted adrenal gland, was submerged in the oxygenated physiological buffer 
within the slicing chamber of the vibratome (VT1000S; Leica). Once mounted in place, 
the adrenal gland was trimmed to the level of the medulla, and then a series of four to 
five 250 μm-thick sections were cut and transferred to the physiological buffer at room 
temperature (Figure 2.2).  
While both adrenal glands were collected from the animal, sectioning of one gland 
produced sufficient slices, such that the right adrenal was used for all studies. It should 
be noted that the literature records no distinct differences between the behaviour of the 
right and left adrenal glands. After a period of at least 1 h but less than 6 h after 
sectioning, an adrenal slice was removed from the buffer and transferred to the 
recording chamber.  










Figure 2.1. Mounting of the adrenal gland on the vibratome stage. The capsule 
surrounding the adrenal gland is malleable and thus requires support to be kept in place. 
A) The adrenal gland is glued to the base agar block and pincered from the sides and 
the back with additional blocks to support it during sectioning B) Graphical 




































Figure 2.2. Vibratome sectioning of adrenal medullary slices. The adrenal gland was 
mounted on the vibratome stage with agar blocks as shown previously and sectioned 
into 250 μm thick slices. The sections containing the adrenal medulla were retained for 
recording.   
 
2.3. Fluo-4 loading of adrenal slices  
The stock concentration of Fluo-4, AM (250 M) was obtained by dissolving 50g 
Fluo-4, AM (Thermo Fisher Scientific) in dimethyl-sulfoxide (182.3 L). This solution 
was stored at -50 °C in a microcentrifuge tube prior to slice loading. An adrenal slice, 
prepared as above, was placed into a tissue bath of approximately 1 mL volume, 
mounted on a fixed stage upright microscope (Olympus BX51W1), and perfused 
continuously with physiological buffer bubbled with 5% CO2 – 95% O2 at a flow rate 
of approximately 1.5 mL/min. The slices are kept flat and stationary in the tissue bath 
with a platinum harp (made of nylon threads stretched and glued across a U-shaped 
piece of platinum wire) as shown in Figure 2.3.  
To load the adrenal slices with the calcium indicator, 20 µL of Fluo-4, AM stock 
solution (250 M) in the presence of 1x Power Load permeabilising reagent 
(Invitrogen) was pipetted directly onto the adrenal slice in the tissue bath as shown in 
Figure 3.3. The slices were incubated for 20 min in the final Fluo-4, AM solution (5 
µM once diluted in 1 mL buffer) in the holding chamber (i.e. no perfusion) at room 
temperature under reduced light conditions. This incubation was followed by a 30 min 
Vibratome blade 
Cortex and medulla 
Cortex only Adrenal gland 
supported by agar block 




perfusion of physiological buffer at a flow rate of approximately 1.5 mL/min still under 












Figure 2.3. The recording chamber arrangement and pipette loading of the 
adrenal slices with Fluo-4, AM. The adrenal slice was held in the tissue bath of the 
recording chamber by a platinum harp. One end of the bath supplied the slices with 
physiological buffer (in some cases, containing a selected stimulus) while the opposite 
end drained the solutions. To load the slices, 20 µL of a 250 µM solution of Fluo-4, 
AM in the presence of 1x Power Load reagent was pipetted directly onto the medulla 
region of the slice which then slowly diffused out to give a final concentration of 
approximately 5 µM in the 1 mL incubation buffer 
 
2.4. Ca2+-imaging of adrenal slices  
The adrenal medulla was located under a 10X objective (Olympus M Plan, NA = 0.10) 
and then brought into focus under a water immersion 40X objective (Olympus LUM 
Plan F1, N.A=0.80) using a mercury light source (Olympus TH4-200).  
Platinum harp 
Micropipette containing 20 µL of 250 µM 
Fluo-4, AM and 1x Power Load reagent   
Solution out 
Solution in 
Adrenal medulla of the adrenal gland 




The recordings were taken from regions of the medulla with one edge of the recording 
field aligned with the cortex to avoid the large central lobular vein. Cells showing 
evidence of Fluo-4 loading (faint fluorescence) were visualised using light from a 
xenon arc lamp (300 W) transmitted through a GFP filter cube (excitation 470-490 nm, 
Chroma), and the shutter of a Lambda DG-4 illumination system (Sutter Instruments). 
Epifluorescence (long-pass filtered, 495 nm; emission, 500-520 nm) was collected 
using a C-mount (Olympus C-MAD3) CCD camera (Hamamatsu Orca ER). The light, 
shutter, and camera components were each coordinated using MicroManager 1.4 
software.  
Once correctly positioned and focused over the required target region, multiple adrenal 
medullary cells within that region were simultaneously recorded, in most cases over a 
30 min period with a 4 by 4 pixel binning, sample rate of 2 Hz and an exposure time of 
100 ms.  
Selected stimuli namely, nicotine, histamine and PACAP were applied to the Fluo-4 
loaded adrenal slices by being included in the perfusion buffer. Trial experiments 
determined that it took 90s for the stimulus to reach the slice at a flow rate of 1.5 
mL/min. All drugs were diluted to the required concentration in the physiological 
buffer, with the final concentration being guided by the published literature as 
presented in Section 2.6. 
Following most experiments, the slices were exposed to a strong depolarising stimulus 
(60 mM K+) to confirm cell viability. This high K+ buffer was composed of 26 mM 
NaHCO3, 59 mM NaCl, 1.25 mM NaH2PO4, 10 mM D-glucose, 2 mM MgCl2, 1 mM 
CaCl2 and 60 mM KCl. While the precise conditions varied with specific experiments, 
the basic protocol was as follows: the slices were perfused with buffer alone for 10 min 
(the basal condition), followed by a specific stimulus and then second period of 
physiological buffer followed by the depolarising K+ stimulus. 
2.5. Data analysis and statistics  
Recordings were analysed using ImageJ software. Regions of interest were drawn 
around each viable cell, defined as such by a positive response to K+. The average 
fluorescence intensity of in-focus regions of interest was measured in each time frame 




using ImageJ. Spreadsheets of these data were then exported to Microsoft Excel and 
GraphPad Prism for further analysis.  
Due to the photobleaching of the Fluo-4, an equation was developed to overcome this 
technical limitation. Specifically, a linear regression was used to correct for 
fluorescence bleaching using the slope of the signal.  The change in fluorescence 
(ΔF/F) was, therefore calculated using the following formula:  
Ft−(Slope ∗ time + F0)
(Slope ∗ time + F0)
, 
where Ft is the fluorescence measured at any time point, and F0 is the mean baseline 
fluorescence (averaged over the first 2.5 min of the recording). The slope was 
calculated during periods of the recording without a stimulus. Cells were considered 
responsive if the Fluo-4 fluorescence increased by more than twice the standard 
deviation of the baseline signal.  
Baseline analysis was conducted as follows. The standard deviation of fluorescence 
during the basal condition was calculated, and cells were classified as showing medium 
activity if they displayed fluorescence spikes exceeding 2% of the standard deviation 
and as high activity with spikes exceeding 4%. For medium and high basally active 
cells, high-frequency basal activity was determined as expressing a fluorescence spike 
exceeding 2% of the basal standard deviation at least once per min while the remaining 
cells qualified as a low-frequency basal activity.  
Statistical analysis was performed using GraphPad Prism (version 8.4). Results were 
first examined for normal distribution (D'Agostino & Pearson test), all data failed to 
pass this test, and thus statistical analysis was performed using non-parametric, 
repeated measures, Friedman test. Subsequent multiple comparisons were performed 
using a Dunn's test. A p-value of < 0.05 was considered statistically significant. 
Specific statistical information for each set of results is reported in the relevant figure 
legends. Data were presented as mean ± SEM. 
2.6. Materials  
Fluo-4, AM was obtained from Thermofisher Scientific and used at 5 M. Pilot studies 
investigated the use of Fluo-4, AM concentration of 2.5 M as previously used in 
adrenal slices (Penton et al., 2012) but 5 M provided improved visualisation of the 
cells under basal conditions as described in the Results.  




(-)- Nicotine was obtained from Sigma Aldrich and used at 100 M. During pilot 
studies, stimulating the slices with 10 µM nicotine as previously shown in isolated 
bovine chromaffin cells produced variable responses (data not shown) (O'Sullivan et 
al., 1989; del Barrio et al., 2010). In isolated rat chromaffin cells, up to 1 mM nicotine 
has been previously used (Khiroug et al., 1997). As 100 μM nicotine produced 
reproducible responses, subsequent experiments in the current study utilised nicotine at 
this concentration.  
Histamine dihydrochloride was obtained from Sigma Aldrich and used at 10 
M (Borges, 1993). PACAP1-38 was obtained from Sigma Aldrich and used at 100 nM 
(Przywara et al., 1996). The antagonist PACAP6-38 (P6-38) was obtained from 





















3. Results  
3.1. Recording [Ca2+]i of adrenal medullary cells in slice preparations  
Regions of the adrenal cortex and the medulla can be distinguished in the 250 µm thick 
adrenal gland slices as presented in Figure 3.1A. Once loaded with Fluo-4, AM, a 
selected region bordering the adrenal cortex (approximately 0.3 mm2), was recorded 
from the adrenal medulla as indicated by the boxed area Figure 3.1A. Multiple adrenal 
medullary cells were visible by fluorescent microscopy under basal conditions, as 
indicated by yellow arrows in Figure 3.1B. The number of observed cells within the 
recording region varied between slices. This number ranged from as few as 5 cells to as 
many as 45. Note that Figure 3.1B is a snapshot of the recording under basal conditions 
and thus, many cells remained undetected until the application of a depolarising 
stimulus (either 100 µM nicotine or 60 mM K+). Only cells with clear or distinct 
borders were subjected to analysis, which involved the selection of the regions of 
interest as described in the Methods (indicated by yellow circles in Figure 3.1B). This 
analysis did not include potentially responsive cells present in unfocused regions of the 
section (indicated by the red cross on Figure 3.1B).  
Once the ImageJ software had calculated the fluorescence as a measure of [Ca2+]i, the 
spreadsheet data was then uploaded to Microsoft Excel to produce the raw traces as 
seen in Figure 3.1C. This data was normalised to their individual baselines as described 
in the Methods to correct the linear fading of the fluorescence indicator (indicated by 
the dashed black line in Figure 3.1C and D).  
 













Figure 3.1. Imaging [Ca2+]i in rat adrenal slices and raw data processing. A) 
depicts a freshly isolated adrenal slice (250 µm thick) loaded with Fluo-4 AM as seen 
in the recording chamber with C = adrenal cortex and M = adrenal medulla.  The boxed 
region indicates the area examined for measuring [Ca2+]i. B) presents the area indicated 
by panel A under fluorescent microscopy as described in the Methods.  Yellow arrows 
indicate visible individual cells with circles depicting the regions of interest. C) 
presents a trace of raw data obtained from the slice displaying fluorescence as an 
indicator of [Ca2+]i over time. Highlighted areas in yellow and red depict the exposure 
to the experimental stimulus and K+ depolarising stimulus, respectively. D) presents the 
same cell from panel C following data processing to adjust for the linear decay of 
fluorescence.  Scale bar = A)  1 mm  B) 0.1 mm 
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3.2. Basal [Ca2+]i in adrenal medullary chromaffin cells  
The adrenal medullary chromaffin cells provide basal secretion of catecholamines to 
maintain physiological conditions and the sympathetic tone. Therefore, the following 
set of experiments investigated the [Ca2+]i changes in these cells under basal conditions. 
Physiological buffer was applied continuously for 10 min at a rate of 1.5 mL/min, and 
the changes in the Fluo-4 signal was recorded.   
These experiments analysed a total of 76 cells recorded in 6 slices obtained from 5 
animals. The standard deviation of the basal [Ca2+]i for individual chromaffin cells was 
compared to the amplitude of their Ca2+-spikes as described in the Methods. Most of 
the cells, ranging between 62% to 82% of cells per slice, recorded no notable Ca2+-
spikes under basal conditions (in total, 56 out of 76 cells, Figure 3.2A). In contrast, 
between 10% to 33% of cells per slice were moderately active (in total, 18 out of 76 
cells, Figure 3.2B), while a small proportion, between 1% to 9% of cells per slice, 









Figure 3.2. Variation in the amplitudes of Ca2+-spikes in adrenal medullary cells 
recorded under basal conditions. This Figure presents [Ca2+]i in adrenal medullary 
cells perfused with the physiological buffer for 10 min. The cells could be grouped into 
one of three categories based on the amplitudes of their basal Ca2+-spikes. Each Figure 
presents three example cells in each category A) low, B) medium and C) high basal 
activity. D) presents the mean percentage of cells per slice ( SEM) in each category. 
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The study further analysed the basal activity of the adrenal medullary cells by 
quantifying the frequency rather than amplitude. This analysis included only the 
medium and high-activity cells from Figure 3.2 and not those with low amplitude basal 
activity. In total, this amounted to a total of 22 cells recorded in 6 slices obtained from 
5 animals. 
Cells displaying less than one Ca2+-spike per min were categorised as low-frequency 
basal activity (Figure 3.3A) while cells which displayed more than one Ca2+-spike per 
min were regarded as high-frequency (Figure 3.3B). Overall, the cells were almost as 
likely to show high-frequency or low-frequency basal activity, but the number of higher 
frequency cells showed a more considerable variance (Figure 3.3C). Between 6% to 
26% of cells per adrenal slice expressed high-frequency activity (a total of 11 out of 22 
cells). Meanwhile, 13% to 23% of cells displayed low-frequency activity (also a total of 
11 out of 22 cells).  
The data from these experiments suggested that most adrenal medullary cells ex vivo 
show little Ca2+-signalling activity under basal conditions. A proportion of cells 
recorded moderate activity in terms of signalling amplitude, while a smaller proportion 
of cells were highly responsive. These relatively active cells were essentially evenly 

















Figure 3.3. Variation in the frequencies of Ca2+-spikes in adrenal medullary cells 
recorded under basal conditions. This Figure presents the analysis of Ca2+-spike 
frequency in cells with medium or high basal amplitude spikes from Figure 3.2. The 
cells could be grouped as either A) low and B) high-frequency activity as detailed in the 
Results. Panel C) provides the quantification of the data presenting the mean 
percentage of cells per slice ( SEM) in each category with LF = low frequency and HF 
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3.3. Nicotinic stimulation of the adrenal medulla  
Cholinergic stimulation is the primary physiological trigger of the chromaffin cells 
during stress as described in the Introduction. Therefore, the following set of 
experiments investigated the [Ca2+]i changes following nAChR activation using 
nicotine stimulation at a concentration of 100 μM based on the pilot studies as 
described in Section 2.6 of the Methods. Note these, and other similar figures showing 
the time course of agonist stimulation, are not corrected for the 90 s delay between 
applying the stimulus and it reaching the cells.  
3.3.1. Nicotine-induced changes in [Ca2+]i of the chromaffin cells 
The Fluo-4 loaded adrenal slices were perfused with the physiological buffer to 10 min, 
followed by 20 min application of nicotine and the changes in [Ca2+]i recorded (Figure 
3.4). These experiments analysed 66 cells recorded in 7 slices obtained from 5 animals. 
Nicotinic stimulation induced a rapid rise in [Ca2+]i in all 66 recorded cells, which 
reached peak [Ca2+]i within 1-2 min of stimulation (Figure 3.4A and B). In some cells, 
[Ca2+]i following this peak returned to levels comparable to basal activity within the 20 
min recording period in the continued presence of nicotine (Figure 3.4A). In other cells, 
[Ca2+]i did not return to basal over this time and remained elevated following the initial 
decrease from the peak response noted above (Figure 3.4B). The heatmaps of 
individual traces presented in Figure 3.4C and D further distinguishes the transient and 
sustained responses. A considerable proportion of recorded cells, ranging between 46% 
to 66% of cells per adrenal slice, displayed the sustained response following nicotinic 
stimulation (a total of 49 out of 66 cells). A smaller proportion of cells displayed the 
transient response, ranging between 14% to 54% of cells per slice (a total of 17 out of 
66 cells). Notably, all cells which responded to nicotine stimulation were also 
responsive to K+-depolarisation (data not shown).





Figure 3.4. Nicotine receptor-mediated changes in the [Ca2+]i in the chromaffin 
cells. Fluo-4 loaded adrenal slices were stimulated with nicotine for 20 min 
(highlighted in yellow in A and B) following a 10 min basal period. The responses 
could be classed into two main classes consisting of A) cells returning to basal [Ca2]i 
levels (indicated by the dashed line) or B) those not returning to basal levels during the 
recording period. Bottom panels present heatmaps of 10 individual cells for cells C) 
returning to basal levels and D) not returning to basal levels. Data were obtained from 
66 cells  recorded in 7 slices obtained from 5 animals with 17 cells in A) and C) and 49 

















































































To further compare the transient and sustained responses to nicotine, the mean [Ca2+]i 
in the cells presented in Figure 3.4 were binned into consecutive 5 min intervals (Figure 
3.5). In both groups, nicotine stimulation induced a rapid and highly significant rise in 
Ca2+-signal during the first 5 min (Figure 3.5A and B). In the cells presented in Figure 
3.5A, [Ca2+]i quickly declined by approximately half in the second 5 min period and 
returned to basal levels in the next 5 min period. In contrast, Figure 3.5B showed cells 
with a much slower decline in the response such that [Ca2+]i remained significantly 
elevated beyond 20 min in the continued presence of nicotine. The amplitude of peak 
[Ca2+]i in cells with transient (Figure 3.5A, right) and sustained responses (Figure 3.5B, 
right) varied considerably. Nevertheless, the mean 5 min response in cells with 
transient responses (Figure 3.5A) is approximately half of the mean response of cells 
with sustained nicotine signals (Figure 3.5B) (compare the scales between Figure 3.5A 











Figure 3.5. Changes in [Ca2+]i of chromaffin cells following nicotinic stimulation. 
This Figure presents the analysis conducted on the data from Figure 3.5. A) presents the 
mean [Ca2+]i (± SEM) recorded over 5 min intervals in which [Ca2+]i returned to levels 
similar to basal. B) presents similar data from cells which [Ca2+]i remained elevated 
above pre-stimulation levels throughout 20 min recording. Figures to the right of each 
panel present the traces of individual cells. Each bar represents the time interval from 
which the mean [Ca2+]i was derived. B = 5 min basal period before the stimulation, N1, 
N2, N3, N4 = 5 min intervals of the 20 min nicotine stimulation. Statistical analysis 
performed using a Friedman test followed by a Dunn’s multiple comparison test 
comparing each value with the basal response. A) N = 17, F = 47.48, P <0.0001. B) N 
= 49, F = 173.4, P < 0.001. *P < 0.05, ***P < 0.0001 compared to B1. Data is 
representative of 66 cells recorded in 7 slices obtained from 5 animals with 17 cells in 
category A) and 49 in B).  
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Further experiments briefly stimulated the adrenal slices with nicotine for 5 min, 
followed by a 10 min buffer wash to investigate whether the sustained response 
presented above required continuous exposure to nicotine (Figure 3.6A and B). 
Following the buffer wash, the cells were briefly exposed to K+ depolarising stimulus 
to confirm their viability, with all nicotine responsive cells also responding to this 
stimulus (Figure 3.6A and B).   
Upon replacement of nicotine with buffer, the [Ca2+]i either declined rapidly (transient 
response, Figure 3.6A) and or remained elevated (sustained response, Figure 3.6B). 
However, the proportion of cells showing a transient response was higher in these 
experiments, with between 38% to 78% of cells per slice returning to basal levels 
during the recording period, than that observed in the continued presence of nicotine 
(yellow block under “Buffer washout” of Figure 3.6C, 52 out of 96 cells recorded in 5 
slices obtained from 3 animals). In comparison, only between 14% to 54% of cells per 
slice showed the transient response when continuously perfused with nicotine (yellow 
block under “Continued nicotine exposure” in Figure 3.6C, 17 out of 66 cells recorded 
in 7 slices obtained from 5 animals).  
In summary, the data from these experiments showed that nicotine induces a rapid 
Ca2+-response in the adrenal medullary chromaffin cells. Following the initial peak, 
majority of cells (approximately 74% of total cells) showed a sustained second phase, 
while the remaining cells showed a transient response even in the continued presence of 
cells (26% of total cells). Many cells still displayed the sustained response even after 
nicotine was replaced with a buffer wash, although the proportion doing so was reduced 














Figure 3.6. [Ca2+]i changes in adrenal medullary chromaffin cells stimulated with 
nicotine followed by a buffer wash. This experiment stimulated the Fluo-4 loaded 
adrenal slices with nicotine for 5 min following a 10 min basal period (highlighted in 
yellow in top panels). Changes in [Ca2+]i were then recorded for a further 15 min 
during which the slices were incubated with buffer alone then exposed to K+ to confirm 
their viability (indicated in red). Example traces of A) cells returning to basal levels and 
B) cells showing a sustained response during washout. C) reports the average 
percentage of cells (± SEM) showing a transient (Trans, yellow) or sustained (Sust, 
black) responses with continued nicotine exposure (left, N = 66 cells from 7 slices 
obtained from 5 animals, data obtained from traces in Figure 3.4 and 3.5) or during 
brief nicotine stimulation followed by a 10 min buffer wash (right, N= 96 cells 


















































































3.3.2. Repeated nicotinic stimulations of the chromaffin cells 
In physiological conditions, the chromaffin cells may undergo multiple consecutive 
stimulations by acetylcholine released from the splanchnic nerve during a single stress 
response. As such, the following experiments investigated the effect of repeated 
nicotine stimulations on the adrenal slices. Following a brief (2 min) basal period, the 
Fluo-4 loaded slices were perfused with nicotine for 5 min followed by an 8 min buffer 
wash and then stimulated with nicotine for another 5 min. This experiment analysed 23 
cells recorded in 3 slices obtained from 3 animals.  
A small number of cells (4 out of 23 cells recorded) showed a secondary nicotinic 
response, although it was markedly reduced compared to the first response (Figure 
3.7A). In most cells, (19 out of 23 cells), however, there was no significant response to 
the second nicotine stimulation (Figure 3.7B). Figure 3.8C presents the analysis on the 
chromaffin cells repeatedly stimulated with nicotine, which calculated the mean [Ca2+]i 
during 5 min intervals of the basal period, two nicotinic stimulations and the buffer 
wash. As expected based on the previous experiments, the addition of nicotine resulted 
in a marked increase in the mean [Ca2+]i during the first 5 min (Figure 3.7C). The 
response significantly declined when the buffer replaced nicotine (compare N1 and B2 
in Figure 3.7C). The second nicotine stimulation did not, however, result in a second 
significant rise in the mean [Ca2+]i above that of the prior buffer wash (B2 vs N2 in 
Figure 3.7C).  
While displaying varying [Ca2+]i amplitudes in response to nicotinic stimulation, nearly 
all cells recorded under these conditions followed the above pattern where the mean 
[Ca2+]i during the second stimulation remained below the levels during buffer wash 
(see individual traces on the right of Figure 3.7C). Note that despite 4 out of 23 cells 
recorded, producing a secondary response, as indicated in Figure 3.7A, there was no 
significant increase in the pooled data (B2 vs N2 Figure 3.7C).  
 
 





Figure 3.7. [Ca2+]i changes following repeated nicotinic stimulations of chromaffin 
cells. This experiment stimulated the Fluo-4 loaded adrenal slices with nicotine for 5 
min (highlighted in yellow) following a brief 2 min basal period. Following an 8 min 
buffer wash, the slices were stimulated again with nicotine for another 5 min. A) 
presents cells producing a greatly reduced secondary nicotine response (indicated by 
arrows) B) cells with no notable responses to second nicotine stimulation. C) presents 
the mean [Ca2+]i during the 5 min intervals of basal (B1), first nicotinic stimulation 
(N1), buffer wash (B2) and second nicotinic stimulation (N2) in cells shown in A) and 
B), with individual traces presented on the right. Statistical analysis performed using a 
Friedman test followed by a Dunn’s multiple comparison test comparing all values. N = 
23, F = 60.86, P < 0.0001. ****P < 0.0001 compared as indicated on the Figure. Data 
obtained from 23 cells in 3 separate slices obtained from 3 animals.  
 












































































































3.4. Histaminergic stimulation of the adrenal medulla  
Histamine induces catecholamine release from the chromaffin cells through the H1R, 
the activation of which involves intracellular mechanisms distinct from those involved 
in the cholinergic response (described previously in the Introduction). The following 
experiments investigated the [Ca2+]i changes in chromaffin cells in response to 
histaminergic stimulation at a concentration of 10 µM histamine as previously used in 
isolated cells (Borges, 1993). 
Following a 5 min basal period, the Fluo-4 loaded slices were perfused with histamine 
for 10 min, at the end of which the slices were further perfused with a physiological 
buffer for 10 min and then stimulated with nicotine for 1 min. This nicotine stimulation 
confirmed the recorded cell as a chromaffin cell (Figure 3.8A-C).  
3.4.1. Adrenal medullary cell responses to histaminergic stimulation 
In total, this experiment recorded 60 cells in 7 slices obtained from 4 animal. Most 
cells, 50 out of 60 of recorded, showed [Ca2+]i elevation in response to both 
histaminergic and nicotinic stimulation. The histamine response consisted of persistent 
Ca2+-spikes, as seen in the trace on the left of Figure 3.8A and the heatmaps of multiple 
cells shown on the right. A small number of cells, 5 out of 60 recorded, produced no 
response to histamine but showed the expected sharp rise in [Ca2+]i when stimulated by 
nicotine (Figure 3.8B). Another 5 out of 60 cells responded to histaminergic stimulation 
but not to nicotine (Figure 3.8C). In this group, the histamine response was rapid and 
very brief, lasting only 1-2 min despite the continued presence of histamine. Most of 
the cells that only responded to histamine followed this pattern, except one which 
produced a sustained spiking response (cell 3 in Figure 3.8C) 





Figure 3.8. The effect of histamine on adrenal medullary cells. The Fluo-4 loaded 
adrenal slices were stimulated with histamine (highlighted in green) for 10 min 
following an initial 3 min basal period. The slices were again stimulated with nicotine 
(highlighted in yellow) for 3 min after a 10 min buffer wash. The cell responses could 
be divided into one of three groups. A) cells responsive to both histamine and nicotine, 
B) cells responsive only nicotine and C) cells responsive only to histamine. Panels on 
the right of each trace present individual heatmaps of 5 representative cells from each 
of these categories. N = 60 cells from 7 slices across 4 animals, with 50 cells in 
category A) and 5 in both categories B) and C)  

































































































































The following analysis quantified the three types of responses to histamine and nicotine 
by measuring the mean [Ca2+]i during consecutive intervals, consisting of 5 min basal, 
5 min histamine stimulation (except for 2 min interval in Figure 3.9C) and 2 min 
nicotinic stimulation (Figure 3.9). In cells responsive to both histamine and nicotine, 
the mean [Ca2+]i significantly elevated from their pre-stimulation counterparts during 
histamine and nicotine stimulations (Figure 3.9A). The mean histamine response was 
approximately three times smaller than that of nicotine, with no cells producing a 
histamine response larger than that of nicotine (Figure 3.9A, right). In cells responsive 
only to nicotine, the mean [Ca2+]i significantly elevated during nicotine stimulation 
from pre-stimulation, but the histaminergic stimulation did not significantly elevate 
[Ca2+]i above basal (Figure 3.9B).  
In cells responsive only to histamine, the mean [Ca2+]i during the histamine or the 
nicotine stimulations were both insignificant from their pre-stimulation counterparts 
(Figure 3.9C, note that the mean [Ca2+]i during histamine stimulation for these cells 
was calculated over 1 min instead of 5 min because the responses were very brief). 
While this pooled data did not show a statistically significant histamine response, the 
individual responses in these cells qualified as histaminergic responses according to the 
criteria described in the Methods, as Ca2+- spike in response to histamine was more than 
twice the standard deviation of the baseline.  


































































































































































































Figure 3.9. Mean [Ca2+]i in adrenal medullary cells during responses to histamine 
and nicotine. The responses to histamine and nicotine presented in Figure 3.8 were 
further analysed as above. Each category presents the mean [Ca2+]i (± SEM), with 
cells responsive to A) both histamine and nicotine B) only nicotine and C) only 
histamine (note that H1 period for panel C was adjusted to 2 min instead of 5 min 
because the responses were very brief). Panels to the right present the individual cell 
responses within the corresponding category. Statistical analysis was conducted using a 
Friedman’s test followed by a Dunn’s multiple comparison test comparing all values. 
A) N = 50, F = 123.7, P < 0.0001. B) N = 5, F = 10.68, P = 0.0055. C) N= 5, F = 11.88, 
P = 0.0016. ****P < 0.0001, **P < 0.01, *P < 0.005 compared as indicated on the 
Figure. Data were obtained from 60 cells recorded in 7 slices obtained from 4 animals. 

























To further examine the histamine-induced [Ca2+]i changes in chromaffin cells, Fluo-4 
loaded slices were perfused with histamine for 20 min following 10 min basal period 
(Figure 3.10A and B). In total, the experiments analysed 34 cells recorded in 3 slices 
obtained from 3 animals. 
Histamine induced a sharp elevation of [Ca2+]i in all recorded cells. In approximately 
half of these cells, ranging between 40% to 52% of cells per adrenal slice, a gradual 
decline followed this peak [Ca2+]i (15 out of the 34 total cells recorded, Figure 3.10A). 
Some of these cells displayed minor fluctuations in [Ca2+]i and these fluctuations 
tended to decrease in amplitude as [Ca2+]i dipped towards pre-stimulation levels (note 
the bottom three traces in Figure 3.10A).  
In the remaining half of the histamine-responsive chromaffin cells, ranging between 
48% to 60% of cells per adrenal slice, the histamine-induced changes also consisted of 
a sharp rise and gradual decline in [Ca2+]i. During the decline, these cells displayed 
significant fluctuations in [Ca2+]i of a considerable amplitude (Figure 3.10B, blue 
arrows). These fluctuations featured a sharp decline in [Ca2+]i which lasted for as little 
as 20 s to as long as 5 min (the black arrow notes this 5 min decline in the first trace of 
Figure 3.10B), followed by a rapid rise in [Ca2+]i, returning close to the histamine 
stimulated level immediately before the fluctuation, allowing for the linear decline 
(indicated by the blue line (Figure 3.10B). These large-amplitude fluctuations occurred 
at irregular intervals during the histamine stimulation and lasted between approximately 
20s to 3 min. Not all cells returned to basal [Ca2+]i during the recording period (3 out of 










Figure 3.10. Histamine-induced [Ca2+]i changes in adrenal medullary chromaffin 
cells. This experiment stimulated the Fluo-4 loaded adrenal slices with histamine for 20 
min (highlighted in green) following an initial 10 min basal period. The Figure presents 
histamine responsive chromaffin cells A) without and B) with large-amplitude 
fluctuations (indicated by arrows). N = 34 cells recorded in 3 separate slices obtained 















Figure 3.11 compares the histamine response between cells with or without large 
[Ca2+]i fluctuations with the data presented in 5 min intervals. In 15 cells without large 
amplitude fluctuations, histaminergic stimulation evoked a significant rise in [Ca2+]i 
above basal levels during the first 15 min of stimulation (Figure 3.11A). The mean 
[Ca2+]i gradually declined, with mean [Ca2+]i during the last 5 min of stimulation not 
significantly above pre-stimulation levels. The Ca2+-profile of individual cells in this 
category varied with the [Ca2+]i in some cells remained elevated throughout the 20 min 
recording period (Figure 3.11A, right) 
Histamine also produced a significant elevation in mean [Ca2+]i in the first 10 min in 19 
cells with large amplitude fluctuations (Figure 3.11B). However, the decline appeared, 
on average, to be earlier in these cells than those shown in panel A, with the mean 
[Ca2+]i beyond the first 10 min not significantly above basal. In this category, [Ca2+]i 











Figure 3.11. Analysis of the [Ca2+]i changes following histaminergic stimulation in 
chromaffin cells. The [Ca2+]i in cells stimulated with histamine for 20 min presented in 
Figure 3.10 were analysed. The mean (± SEM) [Ca2+]i during 5 min intervals of basal 
(B) and histamine stimulation (H1-H4) in cells A) without and B) with larger 
fluctuations during the histamine response are presented. Panels to the right present 
traces of individual cells within each category. Statistical analysis was conducted using 
a Friedman test followed by a Dunn’s multiple comparison test comparing each value 
with the basal response A) N = 15, F = 36.39, P < 0.0001 B) N = 19, F = 55.96, P < 
0.0001. ****P< 0.0001, ***P<0.001, * P < 0.05 with comparisons made against basal 
(B). Data were collected from 34 cells recorded in 3 slices obtained from 3 animals, 












































































































































3.4.2. Repeated histaminergic stimulations of the chromaffin cells 
The study investigated the [Ca2+]i changes in response to repeated histamine 
stimulations in the adrenal slice preparations to match physiological conditions in 
which the chromaffin cells may undergo multiple consecutive stimulations by 
histamine (Figure 3.12). Following a brief basal period, the cells were stimulated with 
histamine for 5 min and then stimulated again with histamine for another 5 min after an 
intervening 8 min buffer perfusion. 
As documented above, the first histamine response varied between individual cells 
(Figure 3.12). The response consisted of a rise and decline components in [Ca2+]i and 
the response in some cells consisted of the large amplitude fluctuations in during the 
declining phase as previously described (Figure 3.12A and B). Interestingly, the second 
histamine application resulted in a response with a remarkably similar profile to the 
first response (compare the first and second responses for individual cells overlapped 
on the right of Figure 3.12). In trace A of Figure 3.12, the histamine-induced changes 
consisted of many large amplitude fluctuations that occurred approximately at similar 
intervals in both the first and second responses. The trace in Figure 3.12B did not 
consist of notable large-amplitude fluctuations in the first histamine stimulation, and 
this feature was conserved in the second stimulation. Figure 3.12C also did not consist 
of large amplitude fluctuations, but the time to reach peak [Ca2+]i was delayed 
compared to Figure 3.12B. The second histaminergic stimulation conserved this delay, 
as seen in Figure 3.12C. The trace in Figure 3.12D consists of a small spike before the 
[Ca2+]i rise to its peak (indicated by the arrow). The second stimulation of histamine in 
this cell also displayed this spike. 
In total, these experiments examined 52 cells, with all generating Ca2+-profiles showing 
considerable consistency between their and second responses (52 cells recorded in 3 
slices obtained from 3 animals). Note that although very similar in their temporal 
profiles, the first and second responses were not identical with the second response 
often smaller in magnitude than the first. 





Figure 3.12. Changes in [Ca2+]i of chromaffin cells in response to repeated 
histamine stimulations. This experiment investigated the effect of two consecutive 
histamine stimulations on the chromaffin cells. The Fluo-4 loaded slices were 
stimulated with histamine for 5 min (highlighted in green) following a brief 2 min basal 
period. The cells were then perfused with a buffer for 8 min and stimulated again with 
histamine for 5 min (highlighted in green). The panels to the right of each trace align 
the responses to first (black) and second (blue) histamine stimulations to aid in their 
comparison. Black arrows indicate the “pre-peak spikes” as described in the Results. 
Note that the first and seconds are very similar but not identical. N = 52 cells recorded 






















































As described in Section 1.4. of the Introduction, histamine utilises both Ca2+-influx and 
internal Ca2+- release to elevate [Ca2+]i during cell stimulation. Therefore, the 
chromaffin cell response to histamine in the absence of extracellular Ca2+ was 
investigated (Figure 3.13). In these experiments, Fluo-4 loaded adrenal slices were 
stimulated with histamine for 5 min following a 2 min basal period. The slices were 
then perfused with a Ca2+-free physiological buffer for 8 min, followed by 5 min 
histaminergic stimulation in the continued absence of Ca2+.  
All chromaffin cells responsive to first histamine stimulation produced a second 
histamine response in the absence of extracellular Ca2+ (Figure 3.13). In cells with large 
amplitude [Ca2+]i fluctuations in the first response, the second stimulation was mostly 
absent of these fluctuations (second, third and fourth traces of Figure 3.13). 
Furthermore, the response in the absence of extracellular Ca2+ was also noticeably 
reduced in amplitude. Therefore, in contrast to the results presented in Figure 3.12, the 
second response to histamine in the absence of extracellular Ca2+ was dissimilar to the 
first stimulation.  
 





Figure 3.13. Histamine-induced stimulation in the absence of extracellular Ca2+. 
To examine the importance of extracellular Ca2+ to the histamine-induced Ca2+-
responses in chromaffin cells, Fluo-4 loaded slices were stimulated with histamine 
(highlighted in solid green) for 5 min following a brief, 2 min, basal period. After a 
further 8 min in a Ca2+-free buffer, the cells were stimulated with histamine. This 
simulation was also in the absence of extracellular Ca2+ (highlighted in green stripes). 
The Figure presents four representative traces along with their corresponding first 
(black) and second (blue) histamine responses aligned on the right to serve as a 

















































Figure 3.14. presents the quantification of the data from Figures 3.12 and 3.13 to 
compare the repeated histamine stimulations of the chromaffin cells with (Figure 
3.14A) or without extracellular Ca2+ (Figure 3.14B). This analysis measured the mean 
[Ca2+]i during 5 min intervals of basal, first histamine stimulation, buffer wash and 
second histamine stimulation (with or without Ca2+). In cells stimulated with histamine 
twice in the presence of Ca2+, both histamine stimulations induced a significant rise in 
[Ca2+]i from their basal counterparts (Figure 3.14 A, compare B1 vs H1 and B2 vs H2). 
The mean [Ca2+]i during the second histamine response was approximately half of the 
first (compare H1 and H2 in Figure 3.14A). Histamine evoked an elevation in [Ca2+]i 
above basal levels both with or without Ca2+ in the stimulation buffer (compare B1 and 
H1 vs B2 and H2 in Figure 3.14B). The mean [Ca2+]i during stimulation without 
extracellular Ca2+ was significantly smaller than stimulation in the presence of Ca2+. 
(compare H2 vs H1 in panel B). The reduction in second histamine response was more 
pronounced in Ca2+-free conditions than the cells repeatedly stimulated in the presence 














Figure 3.14. Analysing the effect of removing extracellular Ca2+ on the histamine-
induced Ca2+-responses of the chromaffin cells. This Figure presents the analysis of 
the experiments utilising repeated histamine stimulation with or without extracellular 
Ca2+ from Figure 3.12 and 3.13. A) presents the mean [Ca2+]i (± SEM) across 5 min 
periods during basal (B1) and buffer wash (B2), and first (H1) and second (H2) 
histamine stimulations B) presents mean [Ca2+]i for same conditions as A) but with B2 
and H2 now in Ca2+-free conditions. Panels to the right present the individual cells in 
each experiment. Statistical analysis conducted using a Friedman test followed by a 
Dunn’s multiple comparison test comparing all values. A) N = 52, F = 129.1, P < 
0.0001. B) N = 74, F = 154.3, P < 0.0001. ****P < 0.0001, *P< 0.05 compared as 
indicated on the figure. Data were collected from 52 cells recorded in 3 slices obtained 
from 3 animals for A) and 74 cells recorded in 3 slices obtained from 3 animals for B).  
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3.5. PACAP-induced Ca2+-responses in the adrenal medulla  
In the following experiments, the changes in [Ca2]i of adrenal medullary chromaffin 
cells were examined in response to PACAP, a neuropeptide co-released with 
acetylcholine during high-frequency stimulation of the splanchnic nerve. These 
experiments utilised a PACAP concentration of 100 nM, as previously shown by 
studies on isolated rat chromaffin cells (Przywara et al., 1996). The Fluo-4 loaded slices 
were stimulated with PACAP for 20 min following a 10 min perfusion of physiological 
buffer and [Ca2+]i recorded (Figure 3.15).  
PACAP did not induce any significant changes in [Ca2+]i immediately following its 
application to 67 cells recorded in 5 slices obtained from 5 animals. However, 
approximately half of these cells, ranging between 48% to 58% of cells per adrenal 
slice, displayed a markedly delayed elevation in [Ca2+]i (traces highlighted in blue in 
Figure 3.15). This Ca2+-response remained elevated for the remainder of the 20 min 
recording period in the continued presence of PACAP (Figure 3.15). While chromaffin 
cells across multiple slices and animals displayed this delayed response, there was some 
variation in the time of onset after exposure to PACAP (between 3 and 13 min). All 
cells, including those that did not respond to PACAP at all within the recorded time 











Figure 3.15. Changes in [Ca2+]i of adrenal medullary chromaffin cells following 
PACAP stimulation. This experiment stimulated the Fluo-4 loaded adrenal slices with 
PACAP (100 nM, highlighted in blue) following a 10 min basal period. The Figure 
presents traces of six representative cells, with two cells each from 3 recorded adrenal 
slices. Although no cells displayed changes in [Ca2+]i immediately after exposure to 
PACAP, approximately half displayed a delayed rise in [Ca2+]i. The onset of the 
response was different across slices, but the cells recorded from the same slice 
responded at similar times. N = 67 cells recorded in 5 slices obtained from 5 animals. A 
representative trace of chromaffin cell response to nicotine from earlier experiments 











































































The following experiments utilised the PAC1R antagonist P6-38 at a concentration of 1 
μM to determine whether the delayed rise in [Ca2+]i was due to  PACAP activation of 
the PAC1R (Figure 3.16B). The Fluo-4 loaded cells were perfused with P6-38 for 5 min 
following a 5 min baseline, followed by a 20 min perfusion of PACAP in the continued 
presence of P6-38. None of the 27 cells recorded showed a response to either P6-38 or 
PACAP throughout the 25 min recording period (Figure 3.16B).  
The analysis compared the data from these experiments with those using PACAP alone 
and showed that the mean [Ca2+]i during the initial 10 min of PACAP stimulation was 
not significantly different from the baseline values. However, [Ca2+]i was then 
significantly elevated during the following 10 min of PACAP stimulation and remained 
so until the end of the recording period (Figure 3.16C). In the presence of the PACAP 
antagonist, there was no significant increase in the mean [Ca2+]i at any interval upon 
the stimulation of the slices with PACAP (Figure 3.16D).  
In summary, these experiments showed that about half of the chromaffin cells in a rat 
adrenal slice respond to PACAP stimulation via the PAC1R, but this response has an 
unexpected delay. 





Figure 3.16. The effect of PACAP in the presence or absence of a PAC1R 
antagonist. A) presents a representative trace of Ca2+-response in chromaffin cells 
stimulated with 100 nM PACAP (highlighted in blue) obtained from Figure 3.15 and B) 
presents a representative trace of the same response but now in the presence of the 
antagonist P6-38. C) shows the mean [Ca2+]i (± SEM) during 5 min intervals of basal (B) 
and PACAP stimulation (P1, P2, P3 and P4). D) presents similar analysis from cells 
stimulated with PACAP in the presence of the receptor antagonist, with A indicating 
the 5 min interval before stimulation where only the antagonist was present while P1, 
P2, P3 and P4 indicating 5 min intervals during with both PACAP and the antagonist 
were present. Note that for technical reasons, the [Ca2+]i in some of these experiments 
decline below original basal levels, hence the negative values in C) and D). The 
stimulatory effect of PACAP was, however, still evident against this declining baseline. 
Statistical analysis conducted using a Friedman test followed by a Dunn’s multiple 
comparison test. C) N = 15, F = 36.39, P < 0.0001. C) N = 27, F = 23.47, P = 0.0001. 
****P < 0.0001, ***P < 0.001, **P < 0.01 compared to the basal value (B and A, 
respectively). Data collected from 50 cells recorded in 5 slices from 5 animals for C) 
and 27 cells recorded from 3 slices across 3 animals for D)   

























































































This section discusses the chromaffin cell Ca2+-responses to various stimuli 
investigated this study and the potential cellular mechanisms involved in generating 
these responses. The Discussion also evaluates the adrenal slices ex vivo as an 
experimental model. The final section discusses the role of adrenal medullary 
chromaffin cells as a physiological stress centre based on information obtained from 
existing literature and directly from the current results. 
4.1. Basal activity of the chromaffin cells in adrenal slices 
Although they are synonymous with the acute stress response, chromaffin cells are also 
physiologically significant during rested (unstressed) conditions. Despite the limited 
input from the splanchnic nerve under these conditions, chromaffin cells continue to 
secrete catecholamines spontaneously, albeit at lower rates (Berends et al., 2019). In 
unstressed animals, circulating catecholamine levels are approximately a quarter to one-
fifth of the levels detected during stress (approximately 250 pg/mL of adrenaline and 
375 pg/mL of noradrenaline under basal which raises to 1200 pg/mL and 1400 pg/mL 
respectively during foot shocks) (Engeland & Arnhold, 2005). Studies estimated that 
approximately 95% of adrenaline and 10% of the noradrenaline in circulation in these 
unstressed animals originate from the adrenal medulla (Berends et al., 2019) and this 
basal catecholamine secretion act in conjunction with the sympathetic nervous system 
to maintain the sympathetic tone (Elhamdani et al., 2006).   
In the current study, the most prominent finding was that the chromaffin cells display 
heterogeneity in their basal activity (when perfused with physiological buffer only) 
(Figure 3.2). The majority of the recorded cells (approximately 72%) had low relatively 
stable levels of [Ca2+]i, while a smaller population (of approximately 23%) showed 
minor [Ca2+]i fluctuations. Most notably, a further minor subpopulation of about 5% 
was much more basally active, displaying high-amplitude Ca2+-spikes. These results 
may imply that a spontaneously active subpopulation of chromaffin cells is primarily 
responsible for most of the catecholamines secreted under basal conditions. In pursuit 
of this hypothesis, the current Discussion considered two issues: the mechanisms by 
which [Ca2+]i increases occur in the absence of specific stimuli, and whether these 
basal [Ca2+]i fluctuations result in catecholamine secretion.  




Previous studies in isolated rat chromaffin cells have shown that the cells display 
spontaneous changes in basal [Ca2+]i that are comparable to current observations. Two 
studies by the same research group reported that between 65% and 50% of isolated rat 
chromaffin cells, loaded with ratiometric Ca2+-indicator Fura-2, spontaneously 
fluctuated between 100 to 200 nM of [Ca2+]i (Malgaroli, Fesce & Meldolesi, 1990, 
D’Andrea, et al., 1993). In a quarter of these active cells, the [Ca2+]i fluctuations were 
rhythmic and remarkably consistent in their frequencies, with the Ca2+-spikes occurring 
between every 45 to 1 min (D’Andrea et al., 1993). While the current studies also found 
that about half the basally active cells displayed basal activity consisting of high-
frequency Ca2+-spikes, it did not observe notable rhythmicity and consistency of 
frequency or amplitude (Figure 3.3). Both the studies on isolated chromaffin cells, 
mentioned above, attributed the spontaneous basal activity to the Ca2+-release from 
internal stores, with Malgaroli, Fesce & Meldolesi (1990) demonstrating the 
involvement of ryanodine-sensitive CICR, while D’Andrea et al. (1993) indicated the 
involvement of IP3 formation. Further studies elaborated the role of these internal 
stores, indicating that high-affinity IP3 receptors serve as a trigger for the initiation of 
the Ca2+-oscillations as a “pacemaker” which then activates low-affinity IP3 receptors 
to elevate the [Ca2+]i across the cell and thus induce a spike (D’Andrea, 1995).  
An important question to address is whether the observed spontaneous fluctuations in 
[Ca2+]i result in exocytosis. Early studies on rat chromaffin cells linked the 
abovementioned Ca2+-release from internal stores with the maintenance of basal 
catecholamine secretion (Kidokoro & Ritchie, 1980) and recent studies on isolated 
mouse chromaffin cells agreed with these findings (Lefkowitz et al., 2014). By 
simultaneously measuring [Ca2+]i and catecholamine secretion using the Ca2+-indicator 
Fluo-3 and patch-clamp measurements, respectively, the study reported that Ca2+-
release from internal stores was responsible for approximately 90% of exocytosis 
occurring under basal physiological conditions (Lefkowitz et al., 2014).  
The current Fluo-4 based study emphasises the [Ca2+]i changes in response to particular 
stimuli within an individual chromaffin cell, rather than comparison across different 
cells. Fluo-4 is a non-ratiometric indicator and cannot provide absolute comparisons of 
[Ca2+]i between individual cells, the primary reason being the inability to control 
indicator loading between cells. Thus, the magnitude of Ca2+-induced Fluo-4 signal for 




an individual cell depended on the amount of indicator loaded into that specific cell. 
Note also that Fura-2 has a higher affinity for Ca2+ than Fluo-4 (a Kd of 140 nM 
compared to 335 nM) which may attribute to the higher proportion of cells displaying 
basal activity in these previous studies compared to the current experiments (50-65% vs 
30%) (Malgaroli, Fesces, Meldolesi, 1990, D’Andrea, et al., 1993).  
In agreement with the results from the current study, these previous publications 
reported that a large proportion of the chromaffin cells displayed no notable Ca2+-
responses under basal conditions (Malgaroli, Fesces, Meldolesi, 1990, D’Andrea, et al., 
1993, Vandael et al., 2015). The physiological differences between these silent cells 
and those displaying spontaneous [Ca2+]i changes (thus potentially secrete 
catecholamines) are unknown but could potentially be due to the heterogeneity in 
expression of cation channels or sensitivity of internal Ca2+ stores. The lack of 
detectable [Ca2+]i change does not, however, eliminate the possibility that these silent 
cells contribute to basal catecholamine secretion. As described in the Introduction, kiss-
and-run fusion accounts for 90% of the vesicle release under physiological conditions 
at low [Ca2+]i (Elhamdani, 2006). In contrast, elevations in [Ca2+]i increases the 
incidence of full-fusion at the expense of kiss-and-run (Elhamdani et al., 2006). As 
these “silent” cells maintained the full capability to respond to nicotinic stimulation 
(and thus, were functional chromaffin cells), they may predominantly undergo kiss-
and-run fusion. At the same time, the spontaneous [Ca2+]i changes observed in a small 
subpopulation may indicate the increased prevalence of full-fusion. Concurrent 
capacitance measurements could investigate this distinction.  
Chromaffin cells are not only subject to direct regulation via the splanchnic nerve but 
are also modulated by cell-cell communication through gap junctions. These junctions 
amplify and propagate the electrical and [Ca2+]i signal between chromaffin cells and 
are known to be involved under basal physiological conditions when the splanchnic 
nerve input is limited (Guérineau et al., 2012). While observations made during the 
current study suggested that some basally active cells tended to be in close apposition 
with other active cells, these observations were not quantified. One of the reasons for 
not pursuing this further was that the image recording requirements favoured the 
selection of cells displaying clear borders and not in close contact with neighbouring 
cells. However, further studies could investigate the potential involvement of gap-




junctions in the basal activity of chromaffin cells by application of gap-junction 
blockers such as to the adrenal carbenoxolone to the adrenal slices (Martin et al., 2001). 
To summarise, most of the chromaffin cells in the adrenal slices remained silent in the 
absence of specific stimuli, although a smaller proportion displayed considerable Ca2+-
signalling activity. Previous studies on isolated rat and mouse chromaffin cells 
indicated the involvement of internal Ca2+-release in the generation of these 
spontaneous fluctuations in [Ca2+]i which could become the target of an expansion of 
the current study using adrenal slices.   
4.2. The chromaffin cell response to nicotine stimulation in adrenal slices 
Cholinergic stimulation of the adrenal medullary chromaffin cells occurs during the 
acute stress response that is essential for survival (Hamelink, 2002). As described in 
Section 1.4. of the Introduction, acetylcholine activation of the nAChR induces local 
depolarisation to activate the voltage-gated Na+ channels, which is followed by the 
activation of voltage-gated Ca2+ channels to initiate Ca2+-dependent exocytosis 
(Berends et al., 2019).  
The chromaffin cell response to nicotinic stimulation consisted of two components. The 
first was the transient component displayed by all chromaffin cells (Figure 3.4A and B). 
This component consisted of a rapid elevation in [Ca2+]i which, in agreement with 
previous reports on isolated cells, reached peak levels within 30 s to 1 min of 
application (Cheek et al., 1989A, Khiroug et al., 1997). Following peak [Ca2+]i, the 
chromaffin cells quickly became relatively desensitised to nicotinic stimulation, as 
indicated by the decline in [Ca2+]i 2-3 min after stimulation despite the continuous 
presence of nicotine. This transient nature of the nicotinic response is consistent with 
previous studies on isolated cells, which showed that both acetylcholine-evoked [Ca2+]i 
elevation and catecholamine secretion are brief with prolonged exposure to the agonist 
quickly leading to the termination of the response which is likely due to receptor 
desensitisation (Marley, Thomson & Smardencas, 1993, Taupenot et al., 1999). In the 
current study, a second nicotinic stimulation within a short interval of the first failed to 
induce significant [Ca2+]i elevation (Figure 3.7, Kumakura, Ohara & Satô, 2006). The 
response to K+ remained intact, indicating that the voltage-gated Ca2+ channels 
remained functional (Figure 3.6, Khiroug et al., 1997). Likewise, studies on isolated 




chromaffin cells have demonstrated the ability of voltage-gated Na+ channels to remain 
active throughout nicotinic stimulation (Marengo & Cárdenas, 2017). Therefore, 
nAChRs entering an inactive conformation during prolonged nicotinic exposure is 
likely to be the cause of the fall in nicotine-induced [Ca2+]i (Ginitullin et al., 2015). A 
selective measure of Na+-influx through the nAChRs on the chromaffin cells showed 
that these receptors become inactive over a similar time-course to the [Ca2+]i decline 
observed in the current study, further supporting this conclusion (Nagayama et al., 
1999). Desensitised nAChRs on isolated chromaffin cells has been shown to recover 
within 1-2 min of buffer wash, regaining full response to further nicotinic stimulation 
(Khiroug et al., 1997, Kumakura, Ohara & Satô, 2006). In the current study, however, a 
5 min buffer wash between stimulations was insufficient to regain a significant 
response (Figure 3.7). This inability to recover may be due to nicotine persisting on the 
slices during the buffer wash, as will be discussed later in this section.  
The second feature of the nicotine-induced response in the adrenal slices was the 
sustained component. In response to nicotine stimulation, [Ca2+]i in approximately 75% 
of the cells remained noticeably above basal levels following the transient component 
described above (Figure 3.4B and 3.5B). A prolonged buffer wash following nicotinic 
stimulation reduced the proportion of cells showing this sustained elevation of [Ca2+]i, 
suggesting that it may have required the continued presence of nicotine (Figure 3.6). 
Although [Ca2+]i measurements of isolated chromaffin cells did not observe this 
sustained response to nicotine, studies on the perfused rat adrenal gland indicated that 
prolonged nicotine exposure extends the duration of catecholamine secretion (Malhotra, 
Wakade & Wakade, 1988). As the chromaffin cells in the perfused adrenal gland 
maintain the anatomical arrangement and interconnections analogous to the adrenal 
slices used in the current study, these data may serve as a more suitable comparison to 
current results. The sustained [Ca2+]i elevation and secretion to nicotinic stimulation 
may physiologically represent an “alert state” following a burst of catecholamine 
secretion during the acute stress response. The cellular mechanisms involved in 
generating this sustained [Ca2+]i rise, are however currently unresolved. To confirm 
that the sustained [Ca2+]i elevation required the continued activation of the nAChR, 
nicotinic antagonists such as hexamethonium could be introduced after the initial peak 
response in determining if the sustained elevation is now inhibited.  




Interestingly, a significant proportion of chromaffin cells, approximately 42%, retained 
the sustained [Ca2+]i elevation despite a prolonged buffer wash (Figure 3.6). These 
findings contrasted the previous observations on isolated chromaffin cells which 
showed that [Ca2+]i fully returned to basal levels following nicotine removal (Cheek et 
al., 1989A, Sala, Nistri & Criado, 2007). These findings may indicate that nicotine 
persisted within the adrenal slices following the buffer wash and thus continued to 
induce an elevation in [Ca2+]i in the chromaffin cells. A potential source of such 
retained nicotine is the adrenal cortex, which could trap the strongly lipophilic nicotine. 
The application of less lipophilic nAChR agonists such as DMPP (Lim & Hwang, 
1991) may help determine the importance of continued receptor activation in the 
sustained elevation in [Ca2+]i. 
In summary, the chromaffin cell response to nicotine showed the rapid rise and partial 
decline in [Ca2+]i that is consistent with the transient nature of nAChR activation 
reported by previous publications. In contrast to isolated cells, however, a large 
proportion of chromaffin cells within the adrenal slice also displayed an unexpected 
sustained elevation in [Ca2+]i, the physiological significance of which remains to be 
determined.  
4.3. Histaminergic stimulation of the chromaffin cells in adrenal slices 
Circulating histamine elevates during the inflammatory response and evokes 
catecholamine secretion to counteract many symptoms of the histamine-induced 
anaphylactic shock (Borges, 1993). As described in Section 1.4, histamine induces an 
elevation in the chromaffin cell [Ca2+]i through multiple pathways (refer to Figure 
1.17). By inhibiting the M-current through PLC, H1R activation increases the 
intracellular K+ concentration, which subsequently activates the voltage-gated Ca2+ 
channels to initiate the influx of extracellular Ca2+ (Wallace, Chen & Marley, 2002). In 
addition, PLC promotes the formation of the second messenger IP3, which evokes 
internal Ca2+-release from the endoplasmic reticulum (Plevin & Boarder, 1988).  
Histamine evoked a response from most of the chromaffin cells (Figure 3.8A, Figure 
3.9A), consistent with reports from the isolated chromaffin cells indicating that 80-95% 
of the chromaffin cells are histamine responsive (Marley, 2003). A few cells not 
responsive to nicotinic stimulation (i.e. non-chromaffin cells) displayed a brief Ca2+-




response to histamine (Figure 3.8C and Figure 3.9C). These cells are likely to be 
endothelial cells, as studies on the bovine adrenal medulla reported the histamine-
responsive nature of this cell type (Vinet et al., 2014). No further investigation on this 
cell type, however, was conducted in the current study.  
The chromaffin cells rapidly responded to histamine, and the increase in [Ca2+]i 
reached peak levels within 30 s to 1 min following stimulation (Figure 3.10A and 
3.10B). This rapid response is consistent with previous amperometry studies which 
detected an elevation in exocytosis within 1-2 s of histamine application (Finnegan, 
Borges & Wightman, 1996). While the nicotinic response was followed by a rapid, at 
least partial desensitisation, continuous exposure to histamine resulted in a sustained 
response over a prolonged period (Figure 3.10). These findings agreed with previous 
studies which reported a continued elevation in both [Ca2+]i (Warashina, 1992) and 
catecholamine secretion (Alvarez et al., 1997) for at least 15 min. In the current study, 
the [Ca2+]i rise in most chromaffin cells returned to basal levels after 20 min exposure 
to histamine, although a few cells (3 out of 34 recorded) showed even longer-lasting 
responses (Figure 3.10). A study using isolated rat chromaffin cells reported that the 
histamine caused a rapid rise in [Ca2+]i followed by a more sustained plateau 
(Warashina, 1992). In the current study, however, [Ca2+]i declined linearly following 
the histamine-induced rise to peak levels, (Figure 3.10). 
The chromaffin cells continued to respond to histaminergic stimulation in the absence 
of Ca2+ in the stimulation media, albeit with a significantly reduced response compared 
to when Ca2+ remained present (Figure 3.13). Histamine-stimulated catecholamine 
secretion from isolated rat chromaffin cells was also independent of Ca2+-influx over 
shorter periods (< 1 min) (Warashina, 1992). In contrast, the maintenance of exocytosis 
during extended stimulation required Ca2+-influx, with histamine-induced secretion 
declining rapidly within 1-2 min in the absence of extracellular Ca2+ (Bunn & Boyd, 
1992). Consistently, time-course Ca2+-imaging studies showed that the internal Ca2+-
release precedes the Ca2+-influx following histamine stimulation. In these studies, 
histamine stimulation induced a rise in [Ca2+]i that was isolated to the central region of 
the cell in the initial 20 s, which was followed by a Ca2+ rise across the membrane 
region (Cheek et al., 1989B). This distribution pattern is consistent with an internal 
Ca2+-mobilisation followed by extracellular influx (Cheek et al., 1989B). As such, the 




internal Ca2+-release is likely to be responsible for the histamine-induced responses in 
the Ca2+-free conditions observed currently. As H1R induces internal Ca2+-release via 
IP3 receptors, experimentally limiting these internal stores via application of 
thapsigargin may abolish this histamine-induced [Ca2+]i rise. Although previous reports 
have indicated that the histamine-induced [Ca2+]i rise (Zerbes, Bunn & Powis, 1998) 
and secretion (Bunn & Boyd, 1992), is lost after the first few minutes of stimulation in 
the absence of extracellular Ca2+, the Ca2+-signal  remained elevated above basal levels 
throughout the 5 min histamine stimulation in the current study even when Ca2+ was 
removed (Figure 3.13 and Figure 3.14B). This persistence of response may partially be 
because the buffer used in these studies did not include a Ca2+-chelator such as EGTA 
(ethylene glycol-bis(β-aminoethyl ether)-N, N, N′, N′-tetra-acetic acid) and thus 
allowing a low level of free Ca2+ to remain in the solution.  
The sustained component of the histamine-induced response featured various [Ca2+]i 
fluctuations not previously reported in isolated chromaffin cells (Zerbes, Bunn & 
Powis, 1998). These fluctuations distinguished into two categories. The first was the 
minor fluctuations in [Ca2+]i present in most histamine responsive cells (Figure 3.10A). 
In broad terms, these fluctuations tended to feature immediately following the [Ca2+]i 
peak and then to become less frequent throughout the remaining recording period. 
These fluctuations persisted when Ca2+ was removed from the simulation media, 
indicating the potential involvement of internal Ca2+-stores in their generation (Figure 
3.13). A potential source of these fluctuations is the Ca2+-ATPases on the endoplasmic 
reticulum (Robinson, Cheek & Burgyone, 1992). The build-up of internal stores by 
these pumps is balanced by leakage of Ca2+ back into the cytosol, and the balance 
between these two fluxes may generate these relatively small [Ca2+]i fluctuations 
(Camello et al., 2002). The involvement of such a mechanism could be investigated 
using ATPase inhibitors to deplete the internal Ca2+-stores and thus limit their 
involvement.  
The second type of [Ca2+]i fluctuations observed during the histamine response was the 
large-amplitude fluctuations observed in approximately half of the histamine-
responsive cells. (Figure 3.10B). These fluctuations consisted of a notably rapid decline 
in [Ca2+]i, with the magnitude of this decline remaining relatively consistent for 
individual cells. This decline lasted between 20 s to 5 min, at which point [Ca2+]i 




returned to levels close to their original deflection point. These large fluctuations 
occurred at irregular intervals throughout a recording, ranging between 20 s to 3 min 
apart. The mechanism responsible for these unexpected features is unknown but could 
be related to the uptake of [Ca2+]i into the endoplasmic reticulum or the mitochondria. 
As described in the Introduction, these organelles are essential to the [Ca2+]i clearance 
in the rat chromaffin cells (Park et al., 1996). The uptake of [Ca2+]i into an internal 
compartment followed by its subsequent release back into the cytosol may induce these 
reversible declines in the [Ca2+]i as cytosolic Fluo-4 cannot detect Ca2+ within internal 
stores (Robinson, Cheek & Burgoyne, 1992). Another potential cause for these 
fluctuations is the periodic removal of [Ca2+]i to the intracellular Ca2+ to the 
extracellular environment. The potential candidates for such a mechanism are the 
plasma membrane Na+-K+ exchangers and Ca2+-ATPases. As both these exchange 
systems have been both shown to assist in the chromaffin cell [Ca2+]i homeostasis, 
inhibiting these systems may potentially prevent the large fluctuations in [Ca2+]i 
(García et al., 2012). Interestingly, although not quantified, the large-amplitude 
fluctuations were nearly abolished when the cells were stimulated with histamine in 
Ca2+-free media, suggesting that their generation is in some way dependent on 
extracellular Ca2+ (Figure 3.13).   
An interesting feature of the current experiments was that the histamine-induced [Ca2+]i 
changes appeared to be distinctive for individual chromaffin cells. Thus, a second 
histamine stimulation of a specific chromaffin cell produced remarkedly similar pattern 
of changes in [Ca2+]i to that produced by the first stimulation (Figure 3.12). The basis 
for such cell-specific consistency in their histamine-stimulated [Ca2+]i profiles may 
arise from the differences in the intracellular organisation between individual 
chromaffin cells. The precise location of, for example, voltage-gated Ca2+ channels, 
endoplasmic reticulum, or mitochondria are likely to influence the spatial and temporal 
patterns of [Ca2+]i profiles. Such features are likely to be distinct between cells but 
relatively stable, at least over a short time, within an individual cell. Additionally, the 
“field of view” used to record [Ca2+]i for a cell will remain essentially unchanged 
between consecutive stimulations and may also contribute to their reproducibility.  




4.4. PACAP-induced responses from the chromaffin cells in adrenal slices  
Upon high-frequency stimulation of the splanchnic nerve (and thus strong activation of 
the adrenal medulla) during periods of stress, PACAP is released in addition to 
acetylcholine (Kuri, Chan & Smith, 2009). Expression of the PAC1R on (Moller & 
Sundler, 1996) and PACAP-induced catecholamine secretion from the chromaffin cells 
has been demonstrated in various species, including the rat (Fukushima et al., 2001A, 
Fukushima et al., 2001B). As described in the Introduction, PACAP-induced 
intracellular signalling mechanisms involves various second messenger systems (Figure 
1.14). Most notably, PACAP induces an [Ca2+]i elevation through both the voltage-
gated Ca2+ channel influx and internal Ca2+-release. In isolated chromaffin cells, the 
Ca2+-response to PACAP is maintained above basal levels during continued exposure  
with a Ca2+-influx dependent sustained component, and the response duration is 
significantly reduced in the absence of extracellular Ca2+ (Tanaka et al., 2002).  
Stimulating the adrenal slices with PACAP produced two main findings. The first was 
the heterogeneity in the chromaffin cell responses to PACAP, with only approximately 
half the recorded cells showing an [Ca2+]i rise. A sizable proportion of chromaffin cells 
not responding to PACAP stimulation is consistent with previous literature, as only 
two-thirds of the isolated chromaffin cells which responded to cholinergic stimulation 
also responded to PACAP stimulation (Chowdhury et al., 1994). As such, the results 
indicated that not all chromaffin cells express PAC1R.  
The second and perhaps the most striking feature of the PACAP-induced response was 
its delayed nature which has not been previously reported (Figure 3.15). Across 
multiple adrenal slices, the rise in [Ca2+]i occurred 3-13 min after the introduction of 
PACAP. While the reason for the delayed [Ca2+]i rise has not yet been determined, the 
specificity of this response was confirmed by its inhibition by the PAC1R antagonist 
P6-38 (Figure 3.16). It should be noted that due to the delayed nature of PACAP 
responses, stimulating the cells twice with PACAP (with or without P6-38) would 
require extended recordings (> 1h). As such, PAC1R antagonist experiments were 
conducted in slices separate from PACAP-induced responses. The delayed response to 
PACAP is unlikely to be caused by a confounding factor in the experimental setup, as 
the chromaffin cells in the current slice preparation responded rapidly to both nicotine 




and histamine. In these cases, the rise of [Ca2+]i occurred at the estimated time of 
stimulus arrival at the slice holding chamber.  
Furthermore, the cells with the delayed response to PACAP displayed an immediate 
elevation in [Ca2+]i upon exposure to high K+ at the end of each experiment. The 
PACAP concentration used in the current study (100 nM) was unlikely to have 
contributed to the delayed response because isolated chromaffin cells have shown an 
immediate [Ca2+]i rise (Hamelink et al., 2002) and secretion (Mustafa, Grimaldi & 
Eiden, 2007) at this concentration. In these latter studies, the [Ca2+]i changes in 
response to 100 nM PACAP consist of a sharp rise which rapidly declined and 
remained at a steady elevated level above basal (Hamelink et al., 2002). In the current 
study, [Ca2+]i remained elevated above basal following its delayed rise for the duration 
of PACAP exposure (Figure 3.15) 
While previous studies have not reported a delayed response to PACAP, several 
potential causes for this novel Ca2+-response could be inferred. The activation of the 
PAC1R could trigger an immediate intracellular signalling response which then triggers 
a delayed rise in [Ca2+]i. As such, a short exposure of the adrenal slices to PACAP 
followed by its removal could hypothetically set in motion a subsequent delayed rise in 
[Ca2+]i even after the removal of PACAP. Alternatively, PACAP could evoke the 
release of another signal from the chromaffin cells, which is then responsible for the 
delayed [Ca2+]i. This latter proposal could be determined by collecting the outflow 
from a PACAP stimulated slice and reapplying it to another slice, which may induce an 
immediate rise in [Ca2+]i in this new slice in response to the unknown PACAP-
generated stimulation factor.  
4.5. The adrenal slices as an experimental model 
The adrenal slice offers some notable advantages over isolated chromaffin cells. When 
freshly isolated from an animal, an adrenal slice is likely to maintain its physiological 
properties, including their anatomical organisation with the chromaffin cells. 
Furthermore, the use of a Ca2+-imaging, rather than an electrophysiological, approach 
allows responses of multiple individually identified chromaffin cells to be 
simultaneously recorded.  




There are, however, some limitations when using tissue slices. The first was in 
confirming the recorded cells as chromaffin cells (rather than other cell types known to 
be present in the adrenal medulla), as Fluo-4 is a non-selective Ca2+-indicator that loads 
all cells. Unlike isolated cells, the recorded cells could not be identified using a 
retrospective chromaffin cell marker such as TH-immunostaining because identifying 
the previously recorded chromaffin cells following a staining procedure would be 
highly unreliable. In order to achieve selective Ca2+-recording from chromaffin cells, 
trial experiments were conducted to transfect the adrenal slices from TH-cre rats with a 
genetically encoded Ca2+-indicator (AAV (adenosine-associated virus)-GCaMP6). 
While this approach achieved successful Ca2+-recordings, the transfection rate was 
highly variable and in most cases, unacceptably low. Therefore, the current experiments 
adopted the Fluo-4 technique with a nicotine-induced response at the end of each 
recording period to confirm the chromaffin cell. 
Additionally, the experimental set up was limited in its ability to record from closely 
associated cells, or cells potentially in direct contact. This limitation restricted the 
ability to investigate co-ordinated activity between physically associated clusters of 
chromaffin cells.  
Finally, as mentioned briefly in Section 4.1, the study did not provide measurements of 
absolute [Ca2+]i because Fluo-4 is a non-ratiometric indicator and had limited ability to 
control loading equity between individual cells effectively. Thus, all data obtained in 
this study provide relative [Ca2+]i within the recorded cell.  
4.6. Summary and conclusions 
The current experiments using adrenal slices have reinforced the data from isolated 
chromaffin cells showing that they respond to multiple stimuli. Through maintaining 
multiple pathways to support the stress response, the body ensures the availability of 
catecholamines that are essential for survival and additionally can fine-tune the 
responses in terms of magnitude, duration and the timing (Figure 4.1).  
This study has additionally provided interesting results previously not observed in 
isolated cells. Under basal conditions, a subpopulation of chromaffin cells displays a 
relatively high level of Ca2+-signalling activity. Although not quantified, these basally 
active cells tended to be in close apposition, indicating that they may co-ordinate and 




amplify the Ca2+-signal via gap-junctions. This possibility could now be investigated 
via gap-junction inhibitors to further explore the significance of these more active cells 
in maintaining basal levels of catecholamine secretion in vivo.  
While the response to nicotinic receptor activation quickly desensitises in isolated 
conditions, many of the chromaffin cells recorded in slices showed a sustained 
component in their responses. It is unclear if persistent nicotinic receptor stimulation 
plays a role in this extended response, but using nicotinic receptor antagonists may 
confirm their involvement. The histaminergic responses recorded in slices also showed 
features not previously described in isolated cells, such as the relatively large Ca2+-
fluctuations observed during prolonged histamine exposure. Perhaps the most 
interesting feature of the histamine responses, however, was their distinct and yet 
highly reproducible Ca2+-profiles for individual cells. It is possible that this individual 
results from cell morphology and cell-cell interactions preserved within the slice but 
lost upon cell isolation. Finally, the substantially delayed chromaffin cell response 
which followed the application of PACAP but not other stimuli to adrenal slices is both 
surprising and intriguing, although the cellular mechanisms responsible or its possible 
physiological relevance are currently unknown.  
Unlike responses to individual stimuli demonstrated in the current study, the adrenal 
medulla in vivo undergoes simulation by multiple signals simultaneously. As such, 
future studies may investigate the interactions between stimuli and their subsequent 
effects on the Ca2+-signalling of the chromaffin cells. The most notable interaction is 
between nicotine- and PACAP-induced responses, as acetylcholine and PACAP are co-
released from the splanchnic nerve. Furthermore, histamine-induced vasoconstriction 
further promotes splanchnic nerve release of the above stimuli, further warranting the 
investigation of the interactions between the three stimuli. Additionally, the results of 
the current study warrant future investigations in how the distinct chromaffin cell 











Figure 4.1. The chromaffin cell Ca2+-responses to various secretory stimuli in 
adrenal slices. The chromaffin cells in slices are responsive to multiple physiological 
stimuli through various receptors. Each of the stimuli examined evoked a distinct Ca2+-
response, and each cell may respond to the same stimuli differently, as illustrated above 
by the associated traces A-E. A) a transient response to nicotine B) nicotine-induced 
response with a sustained component C) Histamine-induced response consisting of 
large fluctuations in [Ca2+]i D) Histamine-induced response without large fluctuations 
and E) the markedly delayed rise in [Ca2+]i in response to PACAP stimulation. The 
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